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ABSTRACT 
The present thesis investigates the thermodynamic and kinetic processes associated 
with gas sorption (CO2, CH4) on coal. It is incorporated into a research field which 
studies CO2-sequestration in combination with CO2-enhanced coalbed methane pro-
duction in unminable coal seams. This combination is regarded as a viable and 
promising option to reduce anthropogenic CO2-emissions. 
At the moment numerous world-wide research projects investigate the feasibility of 
this concept under different geological and technical conditions. Among these pro-
jects, the RECOPOL-project („Reduction of CO2 Emissions by means of CO2 Storage 
in the Silesian Basin in Poland”) is working on a European level and includes labora-
tory experiments, reservoir modeling, and geophysics as well as a field test in the 
Upper Silesian Basin in Poland. 
As a partner in this broad international consortium, it was the task to perform single- 
and mixed-gas sorption experiments on coals from the test site under the prevailing 
in situ reservoir conditions. Further coal samples from different coal basins all over 
the world have been integrated into this study to strengthen gained results and to 
address the diversity of coal samples in terms of rank, maceral composition, and 
moisture. 
Experiments have been performed on 14 different coal samples. Analytical tempera-
tures were 22, 32 and 45°C at pressures up to 230 bar (23 MPa). 
The thesis is divided into three major chapters, each of them dealing with a different, 
well defined question: 
• The first part contains measurements that arose from a Round Robin initiated by 
the US Department of Energy. The different laboratories were supposed to inves-
tigate five different samples from the Argonne Premium Sample Programme. 
Measurements performed included CO2 single-gas isotherms on dry coals at 
22°C and pressures up to about 50 bar (5 MPa). Additionally, CH4 experiments 
under the same experimental conditions as well as CO2/CH4 mixed-gas sorption 
experiments at 45°C and pressures up to 180 bar (18 MPa) have been carried 
out. The emphasis of the study was to compare single- and mixed-gas sorption 
experiments and to perform a detailed characterisation of the five different sam-
ples. 
• The second part investigates the kinetics of gas sorption on coal. To address this 
issue, CO2 and CH4 adsorption/diffusion experiments on one coal sample from 
the Upper Silesian Basin in Poland have been conducted on different grain sizes 
and temperatures (32 and 45°C) as well as on dry and moist coals. The emphasis 
of this chapter was to obtain qualitative differences between the different meas-
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urements as well as to derive a kinetic model which describes gas sorption on 
coal by a simple and realistic formulation that can readily be implemented in exist-
ing reservoir simulators. 
• The third part concentrates on the preferential sorption from CO2/CH4 gas-
mixtures on coal. Measurements have been performed on ten different coal sam-
ples at 45°C and pressures up to 230 bar (23 MPa). Dry and moisture-
equilibrated coals as well as different source gas compositions have been used. 
The emphasis here was to demonstrate dependencies of different coal properties 
(rank, maceral composition, and moisture content) and different pressure ranges 
on the preferential sorption behaviour of coal. 
The main results of the three studies can be summarised as follows: 
o The ratio of CO2/CH4 sorption capacities from single-gas measurements varies 
strongly and is not constant as stated in several previous studies. 
o The sorption capacities of mixed-gases (CO2/CH4) can not be calculated from 
single-gas experiments. 
o The sorption rate for CO2 is always faster than for CH4. Sorption rates decrease 
as grain sizes and moisture contents increase and temperature decreases. 
o The sorption kinetics can be described by a simple, semi-empirical 1st-order ki-
netic model under the assumption of a fast and a slow sorption process. 
o Preferential adsorption of CO2 and preferential desorption of CH4 occurs, against 
general expectations, only in some instances and is dependent on coal proper-
ties. 
o The preferential sorption from a CO2/CH4 gas mixture on coal varies widely and 
only shows minor trends with different ranks and maceral compositions. 
o The source gas composition does not influence the preferential sorption behav-
iour. The moisture reduces and the inertinite content increases the selectivity for 
CO2. 
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ZUSAMMENFASSUNG 
In der vorliegenden Studie wurde die Thermodynamik und Kinetik der Gassorption 
(CH4, CO2) an Kohle untersucht. Sie ist eingebunden in ein Untersuchungsfeld, wel-
ches die CO2-Sequestrierung sowie die dadurch angeregte Flözgasförderung in 
nicht-abbaubaren Kohleflözen betrachtet. Diese Kombination wird als eine viel ver-
sprechende und realisierbare Option der Reduzierung anthropogener CO2-
Emissionen betrachtet. 
Verschiedene weltweite Forschungsprojekte beschäftigen sich zurzeit mit dieser Fra-
gestellung unter diversen geologischen und technischen Voraussetzungen. Unter 
diesen Projekten greift das RECOPOL-Projekt („Reduction of CO2 Emissions by 
means of CO2 Storage in the Silesian Basin in Poland”) auf europäischer Ebene und 
beinhaltet Laboruntersuchungen, Lagerstättenmodellierung, Geophysik sowie einen 
Feldtest im Oberschlesischen Kohlebecken in Polen.  
Als Partner in diesem weit gefassten, internationalen Konsortium stellte sich uns die 
Aufgabe, Einzel- und Mischgasexperimente an Kohlen aus dem Untersuchungsge-
biet und unter den dort vorherrschenden in situ Bedingungen durchzuführen. In die 
Untersuchungen wurden weitere Kohleproben aus verschiedenen weltweiten Lokali-
täten integriert, um gewonnene Erkenntnisse konkretisieren zu können, und um der 
Vielseitigkeit der Kohlen (Reife, Mazeralzusammensetzung, etc) gerecht zu werden. 
Die diversen Messungen wurden an 14 verschiedenen Kohlen durchgeführt, wobei 
Temperaturen von 22, 32 und 45°C und Drücke bis 230 bar (23 MPa) gewählt wur-
den, um den Lagerstättenbedingungen gerecht zu werden. Es wurden sowohl Feuch-
te-äquilibrierte als auch trockene Kohleproben verwendet. 
Die Arbeit gliedert sich in drei Teile, jeweils unter dem Gesichtspunkt unterschiedli-
cher, konkreter Fragestellungen: 
• Der erste Teil beinhaltet Messungen aus einem Ringversuch, initiiert durch das 
US Department of Energy. Die vorgegebene Aufgabe umfasste die Untersuchung 
von fünf Kohlen des Argonne Premium Coal Sample Programme. Es sollten CO2-
Einzelgas-Isothermen an trockenen Kohlen bei 22°C und Drücken bis etwa 50 bar 
(5 MPa) aufgenommen werden. Zusätzlich wurden CH4-Messungen unter den 
gleichen Bedingungen sowie CO2/CH4-Mischgasexperimente bei 45°C und Drü-
cken bis 180 bar (18 MPa) bestimmt. Ziel der Untersuchungen war es, CO2/CH4-
Sorptionsverhältnisse aus den Einzelgas- mit jenen der Mischgasmessungen zu 
vergleichen sowie eine umfassende Charakterisierung der fünf Kohleproben zu 
erstellen. 
• Der zweite Teil behandelt die Kinetik der Gassorption an Kohle. Hierbei wurden 
CO2 und CH4 Adsorptions/Diffusions-Experimente an einer Kohleprobe aus dem 
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Oberschlesischen Becken in Polen durchgeführt. Die Messungen erfolgten an 
verschiedenen Korngrößen sowie bei unterschiedlichen Temperaturen (32 und 
45°C), an trockenen und feuchten Proben. Ziel der Untersuchungen war es, quali-
tative Unterschiede zwischen den verschiedenen Messungen unter den unter-
schiedlichen Bedingungen heraus zu arbeiten sowie ein kinetisches Modell zu 
erstellen, welches die Sorptionskinetik an Kohlen durch eine einfache und realis-
tische Formulierung beschreibt, die in existierende Reservoir Simulatoren imple-
mentiert werden kann. 
• Der dritte Teil widmet sich der präferenziellen Sorption aus einer CO2/CH4-
Gasmischung an Kohle. Messungen wurden an zehn verschiedenen Kohleproben 
bei 45°C und Drücken bis 230 bar (23 MPa) beschrieben. Es wurden trockene 
und Feuchte-äquilibrierte Kohlen sowie verschiedene Ausgangsgase verwendet. 
Ziel war es, die selektive Adsorption und Desorption für verschiedene Kohlepa-
rameter (Reife, Mazeralzusammensetzung, Feuchte) sowie unterschiedliche 
Druckbereiche zu analysieren und Abhängigkeiten herauszustellen. 
Die erzielten Erkenntnisse und Ergebnisse aus diesen drei Studien können wie folgt 
zusammengefasst werden: 
o Das Verhältnis der CO2/CH4-Sorptionskapazitäten der Einzelgase variiert deutlich 
und ist nicht, wie in verschiedenen vorherigen Studien angenommen, konstant. 
o Die Sorptionskapazitäten von Mischgasen (CO2/CH4) können nicht aus Einzel-
gasmessungen errechnet werden.  
o Die Sorptionsrate für CO2 ist stets höher als für CH4. Sorptionsraten nehmen mit 
einem Anstieg in Korngröße und Feuchtegehalt sowie mit sinkender Temperatur 
ab. 
o Die Sorptionskinetik kann mit einem einfachen, semi-empirischen kinetischen 
Modell 1. Ordnung beschrieben werden. Diesem Modell unterliegt die Annahme, 
dass ein schneller sowie eine langsamer Sorptionsprozess stattfindet. 
o Die präferenzielle Adsorption von CO2 und die präferenzielle Desorption von CH4 
tritt, entgegen bisheriger Erwartungen, nur in einigen Fällen auf. 
o Die präferenzielle Sorption aus CO2/CH4-Gasmischungen an verschiedenen Koh-
len zeigt sehr unterschiedliche Trends jedoch nur eine untergeordnet Abhängig-
keit zur Reife und zur Mazeralzusammensetzung. 
o Die Ausgangsgas-Zusammensetzung hat keinen Einfluss auf das präferenzielle 
Sorptionsverhalten. Der Wassergehalt reduziert, der Inertinit-Gehalt erhöht die 
Selektivität für CO2. 
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SYMBOLS 
Symbol Unit Definition 
   
VRr [%] vitrinite reflectance 
T [K] temperature 
Tc [K] critical temperature 
P [bar], [MPa] pressure 
P [bar], [MPa] critical pressure 
P∞ [bar], [MPa] equilibrium pressure 
Po [bar], [MPa] initial system pressure 
KL [bar], [MPa] Langmuir constant 
D [m²/s] Diffusion coefficient 
V [m³] volume 
k [1/s] rate constants 
a [m] radius 
C0 [mol/m³] concentration of sorptive gas in free state 
mads [mmol/g coal] amount of gas sorbed on coal 
m∞ [mmol/g coal] maximum sorption capacity 
Mt [mmol/g coal] amount sorbed at time t 
θ fraction, [%] fraction of occupied sorption sites 
α fraction, [%] ratio of void volume and volume of solid sphere 
Qresidual fraction, [%] unoccupied sorption capacity 
Q0 fraction, [%] normalised sorption capacity 
x(CO2) fraction, [%] GC/TCD peak area ratio 
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1 INTRODUCTION 
1.1 How everything started… 
On March 4th 2002, the European Union (EU) decided to sign the Kyoto climate pro-
tection agreement. Accordingly, 15 countries of the EU pledged themselves to re-
duce their greenhouse gas emissions between 2008 and 2012 by eight per cent 
compared to the level of 1990.  
Between 1990 and 2002, the world CO2-emissions raised from 22.7 Gt (giga tonnes, 
109 tonnes) to 25.7 Gt. In the same period, Germany listed a reduction of its CO2-
emissions, attributed to the energy sector, from 1030 Mt (mega tonnes, 106 tonnes) 
to 900 Mt (Bundesministerium für Wirtschaft und Arbeit, 2003a). The German na-
tional climate protection programme, resolved on October 18th 2000, aimed to reduce 
CO2 emissions until 2005, compared to 1990, by 25 %. However, this very brave 
promise was mainly due to the closedown of many CO2-emitting industries in the 
former GDR after 1990. 
Despite all efforts to increase the energy output from regenerative sources, the use 
of fossil energy (gas, oil, coal) will be indispensable for supply in the energy sector in 
the future. A significant potential in reducing CO2-emissions is related to the devel-
opment of more efficient coal based power plants and new power plant technologies 
(e.g. clean coal technology).  
A further option which might contribute to reductions in CO2-emissions in the short to 
medium term is the underground deposition of CO2 in capable geological systems. 
With the start of trading with CO2-emission certificates in 2005, an increase in the 
demand for reliable storage options for CO2 in the underground can be expected. 
Against this background, several research and development projects have been ac-
complished on the EU level with the common target to evaluate the possibilities of 
underground CO2 storage and to use this option to bring down greenhouse gas 
emissions to the target stated in the Kyoto agreement. 
Currently, three different ways of underground disposal of CO2 are being discussed: 
saline aquifers, depleted oil- and gas reservoirs and unminable coal seams (Figure 
1.1).  
1 Introduction 
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Figure 1.1. Concept of underground disposal of CO2 in 
saline aquifers, depleted oil- and gas reservoirs, and 
unminable coal seams. 
 
Some other options, like storage in salt caverns, mineral reactions, limestone ponds, 
oceanic storage or abandoned coal mines might contribute to underground CO2-
storage as well. However, they are so far considered to play only a minor role 
(Gielen, 2003; Bundesministerium für Wirtschaft und Arbeit, 2003b). 
In the scope of the EU GESTCO project (“Geological Storage of CO2 from Fossil Fuel 
Combustion”), European’s underground storage capacities have been evaluated in 
the last years and, simultaneously, point sources with high CO2-emissions have been 
identified. Table 1.1 shows a comparison of estimated CO2-storage capacities for 
selected geological systems. 
In the scope of the EU NASCENT project (“Natural Analogues for the Storage of CO2 
in the Geological Environment”), natural CO2-occurrences in various geological sys-
tems have been investigated as natural analogues for the long term underground 
disposal of CO2. The emphasis of this research project was on the long term stability 
of CO2-deposits, the leakage rates, and the geochemical implications of CO2 on the 
stability und sealing efficiency of rock formations. 
The concepts of CO2-storage in unminable coal seams are currently in the focus of 
investigations in the USA, Canada, Australia, China, Europe, and Japan. On the 
1 Introduction 
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European level, the EU RECOPOL project (“Reduction of CO2 by means of CO2 
storage in the Silesian Basin of Poland”) aims to investigate this concept in the scope 
of a field demonstration test in Poland. Major parts of this thesis have been per-
formed in the scope of this project. In the following, the RECOPOL project will be de-
scribed briefly. 
Table 1.1: Estimated underground-CO2 storage capacities. 1 after Gerling et al. (2002); 2 after Grimston et al. 
(2001); 3 after IPCC (2001) 
Storage option Germany/world Storage capacities 
saline aquifers World 30-500 Gt
2 
depleted gas fields Germany 2,6 Gt1 
 World 90-500 Gt2 
depleted oil fields Germany 0,11 Gt1 
 World 20-65 Gt2 
salt caverns Germany 30 Mt1 
coal seams Germany 3.1-8.3 Gt1 
 World 40-260 Gt2,3 
abandoned coal 
mines 
Germany 0,78 Gt1 
1.2 The RECOPOL project 
“The RECOPOL project is an EC-funded research and demonstration project to in-
vestigate the technical and economic feasibility of storing CO2 permanently in subsur-
face coal seams. The required research and the pilot field test delivers a firm under-
standing of this process under European conditions, and its potential for CO2 reduc-
tions in Europe. This process combines CO2 sequestration with fossil fuel production 
and could therefore result in cleaner energy production from fossil fuel, which is a 
near-future demand in the economic and environmental context of the Kyoto agree-
ment. The main aim is to demonstrate that CO2 injection in coal under European con-
ditions is feasible and that CO2 storage is a safe and permanent solution before it can 
be applied on a larger scale in a socially acceptable way. Along with the field tests, 
1 Introduction 
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tests, an extensive laboratory programme is carried out, and a socio-economic 
evaluation of the project is performed…”.1 
The international consortium involved in this project is coordinated by the Nether-
lands Institute of Applied Geoscience-National Geological Survey Utrecht, The Neth-
erlands (NITG-TNO). The several partners of the project and their scopes of duty are 
listed in Table 1.2. 
Table 1.2: Partners, associated partners, and end user in the RECOPOL project (adopted and modified after 
Krooss, 2004). 
Institution Tasks within the RECOPOL project 
Partners  
Dutch Geological Survey (NITG-TNO) Project coordination; geology/geophysics; reservoir simulation 
RWTH-Aachen, Lehrstuhl f. Erdöl u. Kohle Lab. experiments: Thermodynamics and kinetic of gas sorption 
Air Liquide France Infrastructure, logistics, CO2-supply 
Technical University Delft  Lab. experiments: Gas transport and adsorption in coal 
Central Mining Institute, Katowice Information management; legal issues; infrastructure, logistics 
Institut Français du Pétrole, Paris Reservoir simulation; lab. experiments; modeling, fluid transport  
CSIRO Petroleum Division, Melbourne Reservoir simulation 
Gaz de France Geology, geophysics, logistics 
DBI Gas-und Umwelttechnik GmbH Planning and construction of gas storage, logistics 
Gazonor Recovery of coalbed- and coal mine methane 
IEA Greenhouse Gas R&D Programme Information management; publication of results 
Associate Partner  
Advanced Resources International Inc. Expertise in ECBM; reservoir simulation 
End user  
Polytechnical Faculty Mons Observer status; representing the province Wallonie, Belgium 
Japan Coal Energy Center Observer status and end user 
Shell RTS Observer status and end user 
                                            
1 Objectives of the RECOPOL project: http://recopol.nitg.tno.nl/index.shtml 
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Apart from very intense und up-to-date fundamental research related to the topic of 
CO2-sequestration in coal seams, a field demonstration test in the Upper Silesian 
Basin in Poland, close to Kaniow, about 40 km south of Kattowice, has been per-
formed in the scope of this project. The field site consists of two CBM production 
wells, about 375 m apart from each other, which were drilled in the mid-90’s due to a 
CH4-exploration project. In fall 2003, an additional injection well has been drilled 
down to a depth of about 1200 m. They were intersecting the principal targets for 
CO2-injection, which are coal seams between 1.3 and 3.3 m thick in the depth inter-
val between 900 and 1250 m. Since an enhancement of coalbed methane production 
(ECBM) is expected from the CO2-injection, one of the two production wells has been 
reworked and is situated 150 m away from the injection well (Figure 1.2). This 
method has only been tested in the USA and in Canada so far, but under different 
geological and infrastructural conditions. 
 
 
 
 
 
Figure 1.2 Schematic 
scheme of the field 
site, consisting of the 
injection and produc-
tion facilities as well as 
of the injection equip-
ment on the surface. 
 
 
This basin has (relatively) favourable coalbed properties (depth, permeability, gas 
content, etc.) and was subjected to CBM production before. The coal is Upper Car-
boniferous in age, high volatile-bituminous in rank, and interbedded between shale 
and sandstone layers. The Carboniferous strata are overlain by an approximately 
300 m thick Miocene shale formation.  
Two liquid-gas storage tanks with a capacity of 30 t CO2 respectively have been in-
stalled on the test side. The CO2 is stored at -20°C and at a pressure of about 20 bar 
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(2 MPa). For injection, the gas is heated to a temperature of about 5°C and then 
pumped into the injection well with a wellhead pressure of 100-110 bar (10-11 MPa). 
This pressure prevents any fraccing of the coal, anticipating a direct breakthrough of 
the CO2 from the injection to the production well. 
There are several questions connected to and to be answered by the RECOPOL-
project which can be summarised as follows: 
o Is the subsurface storage of CO2 in unminable coal seams, while enhancing 
the production of CBM, a technically viable option under European condi-
tions? 
o Is the subsurface storage of CO2 in unminable coal seams a safe and perma-
nent solution to reduce CO2-emissions? 
o How much CBM can be produced for each ton of injected CO2? 
o Can the subsurface storage of CO2 in unminable coal seams be applied in an 
economically and socially acceptable way on a larger scale? 
o What are the main criteria (geological/technical/economical/social) for any 
coal basin, in- or outside Europe, to be suitable for this technique? 
To confront these questions, several work packages have been designed to be exe-
cuted by the different partners, mostly in very close collaboration between several 
institutes.  
For further information on the project background and detailed information on the 
different work packages, please refer to Krooss (2004) as well as to the project web 
page (http://recopol.nitg.tno.nl/index.shtml). 
1.3 Coalbed methane and CO2-enhanced coalbed methane produc-
tion 
It is well known that coal seams contain large amounts of coal seam gas, which con-
sists, apart from some exotic deposits, mainly of CH4 (>90 %). It is formed during 
maturation of the coal from sedimentary organic matter und is physically bound (ad-
sorbed) on the coal under the prevailing pressure and temperature conditions over 
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geological time scales. The coalbed methane (CBM) contents can vary between <5 
m³/t and >25 m³/t but are usually considered to be between 10 and 20 m³/t.  
The utilisation of CBM started in the 1980s and 1990s in the USA, encouraged by 
subsidies of the US government. Especially the favourable conditions in Colorado, 
New Mexico and Alabama with their huge coal deposits in the San Juan and Black 
Warrior Basins (shallow coal seams, high permeabilities, and high gas contents) 
maintained commercial prospects for CBM production. In Europe, similar attempts 
have been initiated, but were rather unsuccessful due to very deep coal seams with 
low permeabilities and at the most moderate gas contents. Additionally, conventional 
natural gas was simply too cheap to compete with. 
The synonym ECBM (enhanced coalbed methane) is used for the mechanism of in-
creasing the CBM-yield from coal seams. In most cases, N2 or CO2 is injected into 
the coal seams. As the partial pressure of CH4 in the fracture (cleat) system of the 
coal decreases, methane desorbs from the coal and moves into the cleat system as 
free gas, from where it can be produced. In this context, CO2 is considered to en-
hance CBM production in a second way: It adsorbs preferentially over CH4. Since 
CO2 assumedly adsorbs more strongly on the coal, it displaces CH4, which is subse-
quently forced into the free gas phase of the cleats, from where it can be produced.  
Gas sorption on natural coal is a very complex thermodynamic and kinetic process 
that is, so far, only poorly understood. It occurs on the surfaces of the extensive pore 
system within the coal, with pores being as small as or even smaller than the size of 
a CH4 or CO2 molecule itself.  
Thermodynamic and kinetic adsorption and desorption models provide decisive in-
formation for the evaluation of techniques dealing with CO2-storage and CBM recov-
ery from coal seams. These models describe the quantity of CH4 initially adsorbed in 
the coal and how, through the process of ECBM recovery, reservoir changes in pres-
sure, temperature and gas composition affect the quantity and quality of the recov-
ered natural gas.  
The amount of gas that coal can store (sorption capacity) depends largely on the 
pressure. Adsorption testing is often performed in order to determine a coal’s capac-
ity to store CH4. The result of such testing, termed a sorption isotherm, describes the 
relationship between the volume of CH4 adsorbed and the gas pressure at constant 
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temperature. This is usually performed in the laboratory with crushed coal samples 
under reservoir conditions, and the results are compared with the gas contents of the 
coal seams to estimate the gas saturation of the coal. 
For the combined CO2-storage and enhanced coalbed methane recovery, sorption 
capacities of both gases, CO2 and CH4, are important. Furthermore, information on 
the sorption behaviour of the binary mixture of these gases is inescapable to under-
stand the preferential or selective sorption of the two gases when competing for sorp-
tion sites in the coal. Lastly, transport processes in the coal matrix need to be under-
stood to make estimates on the time scale for gas sorption and gas exchange. 
All three topics have been addressed in this study, disregarding the general theories 
and assumptions. Suppositions circulating in the literature argue that CO2 is always 
preferentially adsorbed over CH4 and that two CO2 molecules replace one CH4 mole-
cule in the coal. This issue has been addressed very often, whereas experimental 
data are scarce and only became more abundant very recently. This topic will be dis-
cussed in detail in chapters 2 and 4.  
1.4 Thesis overview 
1.4.1 Chapter 2 
In 2002, the US Department of Energy initiated a Round Robin and sent coal sam-
ples from the Argonne Premium Coal Sample Programme to several laboratories 
around the world. The purpose of this initiative was to compare sorption isotherms 
from different laboratories, performed with CO2 on dry coal and measured at 22°C 
(Goodman et al. 2004). 
In addition to the experiments described above, CH4 sorption isotherms at the same 
temperature as well as CO2/CH4 mixed-gas experiments at 45°C have been re-
corded. The purpose of this study was to directly compare CO2 and CH4 sorption ex-
periments as well as to study the preferential or selective gas sorption from gas mix-
tures. 
Results show that ratios in CO2/CH4 sorption capacity from single-gas measurements 
vary widely and are not uniform with the often published estimate of 2:1. Further-
more, mixed-gas experiments show, quite unexpectedly, that CO2 not always 
preferentially adsorbs on the coal and CH4 not always preferentially desorbs from the 
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entially adsorbs on the coal and CH4 not always preferentially desorbs from the coal, 
as commonly assumed. 
1.4.2 Chapter 3 
This chapter mainly deals with the kinetic aspects of CO2 and CH4 adsorption in coal. 
Throughout the course of this thesis, it became clear that sorption kinetics is a topic 
that has not been addressed in detail in laboratory studies. Therefore the aim was to 
investigate this topic more intensely. Hence, a qualitative comparison comprising dry 
and moist samples, different grain sizes, different temperatures, and the two different 
gases, CO2 and CH4, respectively, has been conducted. In a second step, a kinetic 
model has been developed to describe the experimental data and to achieve pa-
rameters relevant for reservoir simulation. 
Indirectly related to this study, the implementation of the kinetic model into an exist-
ing reservoir simulator has been carried out during a research stay at CSIRO, petro-
leum division, Melbourne, Australia. Results of this study will be presented in chap-
ter 5. 
1.4.3 Chapter 4 
This chapter is partly an extension of chapter 2, dealing with a comparative study of 
CO2/CH4 mixed-gas sorption experiments under the conditions of preferential sorp-
tion. In the course of the study leading to chapter 2, it became clear that the under-
standing of the aspects of preferential sorption is an important milestone in the 
course of CO2 sequestration and ECBM processes. 
Therefore, the aim of this chapter is to investigate the processes controlling preferen-
tial adsorption and desorption and to relate these factors to coal properties, such as 
maturity, maceral composition, and moisture content. 
1.4.4 Final Discussion 
Laboratory experiments investigating the thermodynamic and kinetic processes as 
well as realistic numerical models are essential for a precise prediction of the ques-
tions dealing with CO2-storage and CO2 enhanced CBM recovery.  
1 Introduction 
26 
This thesis contributes to the understanding of some essential issues in this context. 
However, the author is quite aware that it might raise even more questions than it 
answers. In any case, it establishes a basis for more detailed research in that area. 
The final conclusion aims to discuss the impact of the observed phenomena and re-
sults on the concept of CO2-sequestration in unminable coal seams. However, it is 
not the aim of this chapter to address the general concept but to give advises for fu-
ture projects from a laboratory point of view. 
1.4.5 Outlook 
Over the period of this thesis it was observed that research, although mainly in the 
field of numerical modeling, became more and more intense in the sense of thermo-
dynamic and kinetic processes occurring in coal seams. Very few issues are fairly 
understood so far, and extensive research will be inescapable to obtain a more accu-
rate picture of the complexity and diversity of gas sorption on natural coal. 
Reservoir simulators, modeling the physical and chemical processes involved in CO2-
storage in coal seams need to obtain reliable parameters from experimental meas-
urements for setting up numerical algorithms. Therefore, to make reasonable esti-
mates of CO2-quantities that can be stored in and CH4-quantities that can be pro-
duced from a specific coal seam, taking into consideration the time effects, is the ba-
sis for adequate time and cost planning of such a project. 
The final chapter of this thesis discusses the necessity of laboratory experiments for 
a better understanding of the thermodynamic and kinetic processes involved in CO2-
storage and CO2-enhanced coal bed methane recovery. 
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2 METHANE AND CO2 SORPTION AND DESORPTION MEASURE-
MENTS ON DRY ARGONNE PREMIUM COALS: PURE COMPO-
NENTS AND MIXTURES 
 
Keywords: preferential sorption, high-pressure excess sorption, CO2 storage, Coal-
bed Methane, Argonne Premium Coals 
2.1 Abstract 
Sorption and desorption behaviour of methane, carbon dioxide, and mixtures of the 
two gases has been studied on a set of well characterised coals from the Argonne 
Premium Coal Programme. The coal samples cover a maturity range from 0.25 to 
1.68 % vitrinite reflectance. The maceral compositions were dominated by vitrinite 
(85 to 91 %). Inertinite contents ranged from 8 – 11 % and liptinite contents around 
1 % with one exception (Illinois coal, 5 %). All sorption experiments were performed 
on powdered (-100 mesh), dry coal samples.  
Single component sorption/desorption measurements were carried out at 22°C up to 
final pressures around 51 bar (5.1 MPa) for CO2 (subcritical state) and 110 bar 
(11 MPa) for methane. 
The ratios of the final sorption capacities for pure CO2 and methane (in molar units) 
on the five coal samples vary between 1.15 and 3.16. The lowest ratio (1.15) was 
found for the North Dakota Beulah-Zap lignite (VRr=0.25 %) and the highest ratios 
(2.7 and 3.16) were encountered for the low-rank coals (VRr 0.32 % and 0.48 %) 
while the ratio decreases to 1.6-1.7 for the highest rank coals in this series. 
Desorption isotherms for CH4 and CO2 were measured immediately after the corre-
sponding sorption isotherms. They generally lie above the sorption isotherms. The 
degree of hysteresis, i.e. deviation of sorption and desorption isotherms, varies and 
shows no dependence on coal rank. 
Adsorption tests with CH4/CO2 mixtures were conducted to study the degree of pref-
erential sorption of these two gases on coals of different rank. These experiments 
were performed on dry coals at 45°C and pressures up to 180 bar (18 MPa). For the 
highest rank samples of this sequence preferential sorption behaviour was “as ex-
pected”, i.e. preferential adsorption of CO2 and preferential desorption of CH4 was 
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observed. For the low rank samples, however, preferential adsorption of CH4 was 
found in the low pressure range and preferential desorption of CO2 over the entire 
pressure range. 
Follow-up tests for single gas CO2 sorption measurements consistently showed a 
significant increase in sorption capacity for re-runs on the same sample. This phe-
nomenon could be due to extraction of volatile coal components by CO2 in the first 
experiment. Reproducibility tests with methane and CO2 using fresh sample material 
in each experiment did not show this effect. 
2.2 Introduction 
In 2002 the U.S. Department of Energy (U.S. DOE) initiated a round robin study on 
CO2 adsorption on a set of five samples from the Argonne Premium Coal Sample 
Programme (Vorres, 1990). The participating laboratories were requested to meas-
ure CO2-adsorption isotherms on the dispatched samples in the dry state at a tem-
perature of 22°C and at pressures up to 60 bar (6 MPa). The complete results of this 
round robin study will be published by the U.S. DOE (Goodman et al., 2004). 
In addition to the measurements requested for the round-robin study, high-pressure 
CH4 single-gas isotherms were measured in our laboratory at the same temperature 
(22°C). Furthermore, high-pressure sorption measurements with CO2/CH4 mixtures 
were performed at a temperature of 45°C up to pressures of ~180 bar (~18 MPa). 
The objective of these additional measurements was to compare single-gas sorption 
isotherms (CO2, CH4) for well-characterised coals of different ranks as well as to 
study the preferential sorption behaviour from gas mixtures (CH4/CO2) over a large 
pressure range. 
In the context of the EU RECOPOL-project (http://www.nitg.tno.nl/recopol/) our group 
is presently investigating the preferential sorption behaviour of gases on Carbonifer-
ous coals from the Central European Coal Basin. Experiments conducted in this con-
text have provided evidence that although, as commonly expected, CO2 is adsorbed 
preferentially to methane in most instances, preferential sorption of methane is ob-
served for specific coals under certain conditions. Similarly, it was found in desorp-
tion experiments that while methane is mostly released preferentially to CO2, the op-
posite, i.e. a preferential desorption of CO2, may be the case in some instances 
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(Busch et al., 2003a). The sorption experiments with CO2/CH4 gas mixtures on the 
Argonne Premium Coals were conducted to provide experimental evidence on the 
preferential adsorption and desorption over a large maturity range (vitrinite reflec-
tance: 0.25-1.68 %). 
Over recent years, the issues of CO2 storage and enhanced coalbed methane recov-
ery (CO2-ECBM) have been addressed in numerous publications (e.g. Puri, 1990; 
Reeves, 2002). Many of these publications reiterate that CO2 adsorbs in relation to 
CH4 with a ratio of 2:1 and CH4 is readily desorbed from the coal and replaced by 
CO2. The purpose of this experimental work was to verify these statements, to extend 
the existing data base on high-pressure gas (CO2 and CH4) adsorption on coals, and 
to contribute to a better understanding of the processes involved. 
One key parameter in the investigation of CO2 storage in coals and enhanced coal-
bed methane (ECBM) recovery is the relative affinity of different gas species in a mix-
ture to the sorbent under given pressure and temperature conditions. Because the 
excess sorption capacity of coals for CO2 is generally higher than the sorption capac-
ity for methane there appears to be a general expectation that CO2 is also preferen-
tially adsorbed from methane/CO2 mixtures under competitive sorption conditions. 
Sorption tests on Dutch coal samples with gas mixtures have indicated, however, 
that both preferential adsorption of CH4 or CO2 may occur depending on the coal 
composition, moisture content, and pressure and temperature conditions (Krooss et 
al., 2002). To substantiate these findings, gas-mixture adsorption experiments were 
carried out on dry Argonne Premium Coals. 
2.3 Samples 
The Argonne Premium Coal Sample Programme consists of a selection of eight U.S. 
coals of different ranks ranging from 0.25 up to 1.68 % VRr. The coals have been 
characterised comprehensively and have been used as standard and reference 
samples in numerous studies. The five Carboniferous (Pennsylvanian) and Tertiary 
coals used for this investigation have similar vitrinite contents ranging from 85 to 
91 % (Vorres, 1990). The maceral compositions of all five coals are very similar and 
dominated by vitrinite. Table 2.1 lists the Argonne Premium Coals used for gas ad-
sorption measurements in this study and the corresponding coal petrographic infor-
mation.
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Table 2.1: Argonne Premium Coal Samples used for adsorption/desorption experiments. Volatile matter and ash 
are calculated on a dry basis. All data adopted from Vorres (1990). 
 Beulah-Zap Wyodak Illinois 
Upper 
Freeport 
Pocahontas 
VRr (%) 0.25 0.32 0.46 1.16 1.68 
Rank lignite subbit. hvlb mvlb lvb 
Liptinite (%) - <1 5 1 1 
Vitrinite (%) - 89 85 91 89 
Inertinite (%) - 11 10 8 10 
Ash (%) 9.72 8.77 15.48 13.18 4.77 
H2O (%) 32.24 28.09 7.97 1.13 0.65 
VM (%) 44.94 44.73 40.05 27.45 18.6 
2.4 Experimental 
2.4.1 Sample preparation 
The samples were supplied in small sealed glass vials under an inert gas atmos-
phere. Each vial contained about five grams of coal. The grain size of the samples 
was -100 mesh (-0.15 mm). After opening the glass vials the samples were trans-
ferred immediately into the stainless-steel measuring cells which were then sealed 
and evacuated for at least 36 hours at 80°C. This procedure was used to ensure that 
the samples were completely dry and that any adsorbed gas was completely re-
moved from the coal matrix. Comparison of the round-robin results of the participat-
ing groups indicate that for two of the coal samples (Wyodak, Beulah-Zap) with very 
high moisture contents (28% and 32%, respectively) this procedure may not have 
been sufficient to achieve complete dryness (Goodman et al., 2004). 
2.4.2 Experimental procedure 
Single-gas sorption experiments were performed at 22°C (295.15 K). At this tempera-
ture CO2 is in the subcritical state (Tc: 304.1K; Pc 7.38 MPa). The measuring cell was 
placed in a thermostated water bath with a relative uncertainty in temperature of less 
than 0.1°C. Mixed-gas sorption experiments were performed at elevated pressures 
2 Methane and CO2 Sorption and Desorption measurements on dry Argonne Premium Coals: 
Pure Components and Mixtures 
  31 
(45°C, supercritical CO2-conditions) in a thermostated oven (relative uncertainty in 
temperature <0.1°C). 
Figure 2.1 shows a schematic diagram of the experimental set-up consisting of a 
stainless-steel sample cell, a set of actuator-driven valves and a high-precision pres-
sure transducer (max. pressure 250 bar; 25 MPa), with a precision of 0.05 % of the 
full scale value). The volume between valves V2 and V3, including the dead volume of 
the pressure transducer, is used as reference volume (see below) and determined by 
helium expansion in a calibration run. The coal samples are kept in a stainless-steel 
sample cell with a calibrated volume. A 2-µm in-line filter is used to prevent coal or 
mineral particles from entering the valves. 
 
Figure 2.1: Schematic diagram of the ex-
perimental setup for gas adsorption on 
coals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4.3 Volumetric method for single-gas sorption measurements on coal 
The volumetric method for the assessment of gas sorption on coals used in this study 
is outlined below with reference to the schematic flow diagram shown in Figure 2.2. 
The flow-through set-up consists of a reference volume and a sample cell which con-
tains the sorbent (coal). In Figure 2.2 the volumes are denoted as follows: 
reference volume:   Vref 
sample cell volume:  Vsample cell = Vsample + Vvoid  (2-1) 
thermostated water bath 
V2
pressure
transducer sample cell
vacuum pumpmeasuring gas
V3
V1 gas access/evacuation
system: closed/open
cells: separated/connected
filter
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Figure 2.2: Schematic flow diagram for the volumetric method for gas sorption measurement. 
At low pressures, the gas phase has a substantially lower specific density than the 
adsorbed phase and the volume of the latter can be neglected. In this case, the 
evaluation scheme results in the so called “excess sorption” or Gibbs sorption. 
In high-pressure adsorption experiments this is no longer the case. Taking explicitly 
into account the volume of the sorbed phase, one can write: 
Vsample cell = Vsample + Vvoid + Vsorbed phase    (2-2) 
The corresponding evaluation requires information or estimation on the density of the 
sorbed phase and results in the “absolute sorption” values. The theoretical frame-
work of Gibbs Surface Excess Sorption and the problems associated with the as-
sessment of absolute sorption values have been discussed by Sircar (1999). In the 
present work no attempt has been made to compute absolute sorption values. 
2.5 Conduction of adsorption experiments 
Before the start of an adsorption experiment, the void volume of the sample cell 
(Vvoid), i.e. the volume not occupied by the sorbent, is determined volumetrically using 
a non-adsorbing gas (helium). With the volume of the measuring cell known from the 
previous calibration measurement this measurement yields also the volume of the 
sorbent (Vsample) (cf. Figure 2.2).  
Volumetric gas adsorption experiments are conducted in a programmed mode. At the 
beginning of the experiment both the sample cell and the reference cell are evacu-
ated to establish a defined starting condition. The two cells are then separated by 
closing the shut-off valve (V3 in Figure 2.1). 
In the next step, a certain amount of gas is admitted to the reference volume by 
opening the gas access valve (V2 in Figure 2.1). After closing this valve, a certain 
Vref Vsample 
Vvoid
Vsample cell
pressure transducer
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time (c. 1 minute) is allowed for pressure and temperature equilibration in the refer-
ence cell. Using an equation of state (EOS), the amount of substance (moles of gas) 
in the reference cell can be computed from the pressure, the temperature and the 
volume of the cell. The switching valve (V3) between the cells is then opened and the 
sorbate gas is admitted to the sample cell. In order to monitor the establishment of 
sorption equilibrium, several pressure measurements are taken at time intervals 
ranging between 1 and 20 minutes. A series of pressure measurements from an ad-
sorption experiment is shown in Figure 2.3. The high pressure peaks represent the 
“filling” pressures of the reference volume. When the reference volume is connected 
with the sample cell the pressure drops and equilibrium pressure is usually reached 
with the second data-point, corresponding to an equilibration time of approximately 
15 minutes. After pressure equilibration the system pressure is recorded and the 
cells are separated again. These steps are repeated until the final pressure level is 
reached. 
 
 
 
 
Figure 2.3: Monitoring the 
establishment of sorption 
equilibrium during individual 
pressure steps. 
 
The cumulative quantity of gas introduced through the reference cell into the previ-
ously evacuated sample cell can be readily evaluated from the experimental data by 
summing up the quantities introduced in each pressure step. 
2.5.1 Equations of State 
In the course of this study a program package provided by the Lehrstuhl für Thermo-
dynamik, Ruhr-Universität Bochum (courtesy of Prof. W. Wagner) was used. This 
program package is based on an EOS for methane developed by Setzmann and 
Wagner (1991) and an EOS for CO2 by Span and Wagner (1996). 
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The EOS by Span and Wagner (1996) was used throughout this work because it is 
considered the most reliable EOS, being based on the latest and most comprehen-
sive sets of experimental data.  
2.5.2 Calculation of Langmuir isotherms 
The Langmuir sorption isotherm for monomolecular adsorption is given by:  
PK
P
m
m
L
ads
+== ∞
θ   where: 
a
d
L k
kK ≡   (2-3) 
Here the variables are defined as follows:  
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(actual mass adsorbed/mass adsorbed at complete occupation) 
P = pressure at sorbate gas 
Ka, kd rate constants for adsorption and desorption 
The Langmuir parameters (KL and m∞) were determined from the experimental data 
by a least-squares fitting procedure. 
2.6 Preferential sorption measurements with gas mixtures 
The adsorption measurements with CH4/CO2 dioxide mixtures require an additional 
analysis step to determine the relative concentrations of the two compounds in the 
free (non-adsorbed) gas phase. The corresponding experimental set-up consists of a 
flow-through measuring cell which is connected to a sample loop via a multiport 
valve. Free gas from the measuring cell is expanded into a previously evacuated 
sample loop. A small amount of this gas is then transferred to a gas chromatograph 
(GC) via a micro-volume sampling valve and analysed for its CH4 and CO2 content by 
a thermal conductivity detector (TCD). A simplified scheme of the set-up is shown in 
Figure 2.4. In order to assess the source gas composition and to check for composi-
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tional fractionation effects due to gas transfer and expansion, blind experiments with 
an empty sample cell were conducted over the entire pressure range.  
 
to vacuum 
pump 
gas 
supply 
pressure 
RC MC
SL He
GC
µ-volume 
sampling 
valve 
 
Figure 2.4: Simplified scheme of the experimental set-up for measuring preferential adsorption from gas mixtures. 
2.7 Results 
The three sets of experiments (single component CO2 and CH4, and gas mixture ad-
sorption) conducted in this study are listed in Table 2.2 and Table 2.5 with the corre-
sponding experimental conditions. All adsorption data are reported on a moisture- 
and ash-free basis (MAF). The moisture and ash contents are listed in Table 2.1.The 
results of the individual measurements are discussed in the following sections. 
2.8 Single component gas sorption measurements 
2.8.1 Methane adsorption on dry coals 
High-pressure methane adsorption isotherms measured for this study are summa-
rised in Figure 2.5 and Table 2.2. All measurements were conducted on dry coals at 
22°C. It is evident from these figures that, with the exception of Beulah-Zap sample, 
all isotherms approach a saturation limit (maximum) at elevated pressures. Further-
more it is obvious that, again with the exception of the Beulah-Zap sample, the ex-
cess sorption capacities increase systematically with increasing rank (i.e. vitrinite re-
flectance) up to 50 bar (5 MPa). Above this pressure no systematic order can be 
identified.  
The Beulah-Zap sample, which, in terms of its rank (VRr=0.25 %), exhibits unusual 
sorption behaviour: The isotherm shows a steady increase with pressure and inter-
sects with the isotherms of the two samples with the highest rank in this sequence. At 
high pressures, this sample has the highest excess sorption capacity of all five sam-
ples (2.39 mmol CH4/g coal MAF at ~110 bar (~11 MPa). 
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Table 2.2: Overview of sorption measurements conducted on Argonne Premium coal samples with single gases 
(CO2, CH4) at 22°C. 
Coal 
No of 
measure-
ments 
Max. excess sorption capacity 
(mmol CO2/g coal) (pressure 
(bar)) 
CO2   
Beulah-Zap 2 
Exp. 1: 1.30 (42.72) 
Exp. 2: 1.63 (46.99) 
Wyodak 2 
Exp. 1: 1.32 (40.54) 
Exp. 2: 1.54 (50.50) 
Illinois #6 2 
Exp. 1: 2.12 (44.96) 
Exp. 2: 2.31 (45.87) 
Upper Freeport 3 
Exp. 4: 1.05 (46.16) 
Exp. 5: 1.18 (47.04) 
Exp. 6: 1.13 (50.85) 
Pocahontas #3 2 
Exp. 2: 1.34 (46.96) 
Exp. 3: 1.32 (36.00) 
CH4   
Beulah-Zap 1 Exp. 1: 2.39 (112.83) 
Wyodak 1 Exp. 1: 0.73 (109.74) 
Illinois #6 2 
Exp. 1: 0.91 (110.26) 
Exp. 2: 0.98 (111.18) 
Upper Freeport 1 Exp. 1: 0.84 (107.40) 
Pocahontas #3 1 Exp. 1: 0.85 (63.89) 
 
 
 
 
 
 
 
 
Figure 2.5: Methane adsorption 
isotherms measured on Argonne 
Premium coals at 22°C. 
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2.8.2 Carbon dioxide adsorption on dry coals 
The results of the sorption measurements performed with CO2 at pressures up to 51 
bar (5.1 MPa) on Argonne samples are documented in Figure 2.6. The five coals 
show distinct differences both in the absolute values of the excess sorption capaci-
ties and in the shapes of the isotherms. Two different shapes of isotherms can be 
distinguished for the five samples: 
 
 
 
 
Figure 2.6: CO2 sorption 
isotherms measured on 
Argonne Premium coals at 
22°C. 
 
• The isotherms of the low-rank coals (Beulah-Zap, Wyodak, and Illinois #6) 
show an almost linear increase up to the final experimental pressure, with a 
relatively slow increase in the low-pressure range (Wyodak and Beulah-Zap). 
The CO2-sorption isotherms for the Beulah-Zap lignite and the Wyodak coal, 
normalised to moisture- and ash-free (MAF) material, are almost identical. 
Both have significantly lower excess sorption capacities (~1.3 mmol CO2/g 
coal MAF) at the final pressures than the high volatile bituminous Illinois #6 
coal (2.1 mmol CO2/g coal MAF).  
• the CO2 excess sorption isotherms of the medium volatile bituminous Upper 
Freeport (VRr=1.16 %) and the low volatile bituminous Pocahontas #3 
(VRr=1.68 %) coals show a relatively steep increase in the low-pressure range 
(up to 20 bar (2 MPa)) and subsequently approach limiting values of ~1.17 
and ~1.35 mmol CO2/g coal MAF, respectively, in the 40-50 bar (4-5 MPa) 
range. 
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2.8.3 Langmuir parameters for CO2 sorption isotherms 
The Langmuir parameters calculated for the CO2-sorption isotherms of the five Ar-
gonne Premium coal samples are listed in Table 2.3. The Langmuir coefficient KL is 
high (20-45 bar (2–4.5 MPa)) for the three low-mature samples and drops to values 
around 5 bar (0.5 MPa) for the higher rank coals. The same trend is observed for the 
maximum sorption (m∞). 
Table 2.3: Langmuir parameters for CO2 and methane sorption isotherms on Argonne Premium coals. 
  Langmuir Parameters 
CO2 
Vitrinite reflectance 
(%) KL (bar) m∞ (mmol/g coal MAF) 
Beulah-Zap 0.25 32.15 2.24 
  32.15 2.24 
Wyodak 0.32 41.37 2.61 
  46.33 2.89 
Illinois #6  0.46 24.30 3.14 
  21.39 3.26 
Upper Freeport 1.16 5.37 1.17 
  4.67 1.23 
  4.89 1.28 
Pocahontas #3 1.68 4.89 1.47 
  4.50 1.46 
CH4    
Beulah-Zap 0.25 167.9 5.79 
Wyodak 0.32 38.8 0.98 
Illinois #6 0.46 24.5 1.12 
  32.0 1.27 
Upper Freeport 1.16 15.2 0.96 
Pocahontas #3 1.68 10.7 0.98 
Langmuir parameters calculated for the CH4 isotherms show a trend similar to the 
CO2 measurements: The Langmuir coefficient KL is again inversely proportional to 
the maturity of the coal and high for all samples. The Beulah-Zap lignite shows by far 
the highest values for KL (167.9 bar (16.79 MPa)) and m∞ (5.79 mmol/g coal). Apart 
from this outlier the m∞-values are all in the range of 0.96-1.27 mmol/g coal. 
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2.8.4 Comparison of CO2 and CH4 excess sorption capacities 
It is a general opinion that coal adsorbs about twice as much CO2 as CH4. To qualify 
this statement, a direct comparison of CH4 and CO2 adsorption isotherms for each 
coal up to the final pressure value of CO2 is shown in Figure 2.7 through Figure 2.11. 
It is evident that the molar CO2/CH4 excess sorption ratio is by no means constant in 
this set of samples. The corresponding values calculated for the maximum CO2 pres-
sure of the individual experiments are listed in Table 2.4.  
Table 2.4: Molar CO2/CH4 sorption ratios for Argonne premium coals of different rank 
 Beulah-Zap Wyodak Illinois Upper  Freeport Pocahontas 
VRr (%) 0.25 0.32 0.46 1.16 1.68 
CO2/CH4 molar 
sorption ratio 1.15 2.69 3.16 1.61 1.69 
Within the series of samples studied here the ratios vary between values of 1.15 and 
3.16. With the exception of the Beulah-Zap lignite sample (CO2/CH4 ratio of 1.15), 
there is a significant difference in the excess sorption ratio between the high rank and 
the low rank coals. Thus, Pocahontas #3 and Upper Freeport coals have a much 
lower CO2/CH4 excess sorption ratio (~1.6-1.7) than the Illinois #6 and Wyodak coals 
with ratios of 2.7 and 3.16, respectively. 
 
 
 
Figure 2.7: Comparison of CO2 
and CH4 isotherms of 
Pocahontas coal sample up to 
the final experimental pressure 
value of CO2. 
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Figure 2.8: Comparison of CO2 
and CH4 isotherms of Upper 
Freeport coal sample up to the 
final experimental pressure value 
of CO2. 
 
 
 
 
 
 
Figure 2.9: Comparison of CO2 
and CH4 isotherms of Illinois #6 
coal sample up to the final 
experimental pressure value of 
CO2. 
 
 
Figure 2.10: Comparison of 
CO2 and CH4 isotherms of 
Wyodak coal sample up to the 
final experimental pressure 
value of CO2. 
 
 
 
 
Figure 2.11: Comparison of CO2 
and CH4 isotherms of Beulah-
Zap coal sample up to the final 
experimental pressure value of 
CO2. 
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Direct comparison of the different shapes of the isotherms shows that both, CH4- and 
CO2-adsorption isotherms of the most mature coals (Pocahontas and Upper Free-
port), show the same tendency and seem to approach a maximum like discussed 
above. For the less mature coals, especially for the Wyodak and Illinois #6 samples, 
there seems to be distinct difference in the shapes of isotherms of the two gases. 
Here much higher CO2/CH4 ratios are predicted for the high-pressure ranges of the 
isotherms. 
2.8.5 Reproducibility tests 
Figure 2.12 through Figure 2.14 show the results of reproducibility tests of the CO2 
and CH4 single-component sorption experiments. The tests were conducted either as 
re-runs on the same coal samples after thorough evacuation and removal of ad-
sorbed gas or on fresh coal samples.  
 
 
Figure 2.12: CO2-
reproducibility test performed 
on Pocahontas #3. Fresh coal 
powder was used in both 
experiments; evacuation for 36 
hours at 80°C prior to each 
experiment. 
 
 
 
Figure 2.13: CO2-reproducibility 
test performed on Illinois #6. 
Same coal powder has been 
used for follow-up test after 
evacuation for 36 hours at 
80°C. 
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Figure 2.14: CO2-reproducibility 
test performed on Pennsylvania 
Upper Freeport. Same coal 
powder has been used for 
follow-up test after evacuation 
for 36 hours at 80°C. 
 
 
 
 
Figure 2.15: CH4-Reproducibility 
test performed on Illinois #6. 
The same coal powder was 
used for follow-up test after 
evacuation for 36 hours at 
80°C. 
 
 
The follow-up test performed with Pocahontas #3 coal (Figure 2.12) shows nearly 
identical shapes of the successively measured isotherms. In this case the measuring 
cell was emptied after the first experiment and refilled with a fresh coal powder sam-
ple. Figure 2.13 and Figure 2.14 document two examples for follow-up tests where 
the same coal sample was used in a second adsorption experiment after evacuating 
the cell for 36 hours at 80°C. It is obvious that for the follow-up experiments slightly 
higher excess sorption values were achieved. Generally, follow-up experiments on 
the same sample resulted in excess sorption values about 5 to 15 % higher than in 
the first experiment. Figure 2.15 shows a reproducibility test for methane adsorption 
on Illinois #6 coal conducted on the same charge of coal powder. The results show a 
good similarity in the shape and the excess sorption amounts of the two isotherms 
although the excess sorption of the follow-up run is slightly lower. 
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2.8.6 Desorption experiments 
Desorption isotherms were routinely measured in all single component sorption ex-
periments. Ideally, desorption isotherms should not deviate from the sorption iso-
therms. However, as evident from Figure 2.16, desorption isotherms generally lie 
above the excess sorption isotherms, i.e. a significant hysteresis effect is associated 
with the sorption/desorption process. This hysteresis effect indicates that the sor-
bent/sorbate system is in a metastable state and at pressure decrease the gas is not 
readily released to the extent corresponding to the thermodynamic equilibrium value. 
The diagrams in Figure 2.16 show that various different shapes of hysteresis trends 
are observed throughout the sample-set though no specific trend can be discerned 
with respect to maturity. 
For CH4 the Beulah-Zap (VRr=0.25 %) and Illinois #6 (VRr=0.46 %) coals show the 
smallest deviations between adsorption- and desorption curve (little hysteresis), while 
the adsorption/desorption isotherms of the Wyodak (VRr=0.32%) and Upper Freeport 
(VRr=1.16 %) exhibit a strong hysteresis particularly in the lower pressure range. The 
Pocahontas coal (VRr=1.68 %) takes an intermediate position. It is obvious that, with 
the exception of the Beulah-Zap sample, the first desorption step releases only small 
quantities of CH4 from the coal. In some instances the mass balance yields even a 
slight increase in excess sorption. This effect may result from small inaccuracies in 
the experimental values or EOS, but it could also be due to changes in the coal vol-
ume due to compressibility or swelling. For the North Dakota Beulah-Zap sample 
substantial release of CH4 occurs already in the first desorption step. 
Shown on the right hand side of Figure 2.16 are the combined sorption and desorp-
tion isotherms for CO2 measured on the five Argonne coal samples. As in the case of 
methane the isotherms show different degrees of hysteresis. Here, relatively large 
deviations between the two isotherms are noticed for the two least mature samples 
while for the higher rank coals a closer agreement of the two curves is observed. For 
the Pocahontas #3 and Upper Freeport samples the first desorption steps result in an 
essentially zero release of CO2, while for the three low-mature coals CO2 desorbs 
directly on pressure decrease. 
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Figure 2.16: Comparison of CO2 and methane sorption and desorption isotherms for the five Argonne Premium 
coal samples.
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2.9 Preferential sorption measurements with CO2/CH4 gas mixtures  
The evaluation of the experimental data was based on GC/TCD peak area ratios ex-
pressed as: 
x(CO2) = peak area CO2/(peak area CO2 + peak area CH4)  (2-6) 
This procedure was chosen to keep as close as possible to the raw data and avoid 
any distortion of the results that might be due to further processing and calibration 
steps (e.g. non-linearity in the detector response over large concentration ranges). In 
consequence, the results are qualitative and aim at an unequivocal assessment of 
the occurrence of preferential adsorption and desorption of one of the two sample 
gases. Quantitative measurements involving thorough calibration procedures are un-
der way. 
2.9.1 Blind runs 
The blind tests performed prior to the sorption experiments with the gas mixtures 
showed a small degree of fractionation resulting in slightly elevated CO2 contents of 
the sampled gas at low pressures. The results of one of these tests are shown in 
Figure 2.17. Here the measured CO2/CH4 peak area ratios decrease from 0.86 to 
0.844 in the pressure range from 20 to 200 bar (2-20 MPa). Generally the fractiona-
tion effects observed in the blind experiments were in the range of 1 – 2 per cent and 
thus much smaller than the fractionation effects observed with the actual coal sam-
ples. 
 
 
 
Figure 2.17: Source-gas 
analysis performed up to 225 
bar (22.5 MPa) at x(CO2) 
(peak area ratios) = 0.844. 
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2.9.2 Preferential sorption tests 
The results of the sorption and desorption experiments with CO2/CH4 gas mixtures 
are summarised in Figure 2.18 through Figure 2.22. 
The source-gas composition x(CO2) is compared with the composition of the free 
gas-phase after achieving equilibrium with the coal matrix. In the diagrams the peak 
area ratios of the source gases used are shown as dotted lines. The x(CO2) values 
lower than those of the source gases indicate depletion of the free (non-adsorbed) 
gas phase in CO2 while x(CO2) values above the dotted lines indicate an enrichment 
of the free gas phase with respect to the source gas. 
For the adsorption curves, x(CO2) values lower than the source gas composition rep-
resent preferential adsorption of CO2 from the gas mixture. As a consequence, 
x(CO2) values of the desorption curves lower than those of the source gases indicate 
preferential desorption of CH4 from the coal. This behaviour is considered beneficial 
for CO2 deposition and CO2-enhanced methane production from coal seams. 
Source-gas compositions of 0.79-0.91 were used for four out of the five coal samples 
(Table 2.5) to ensure similar initial conditions. For the Wyodak coal a much lower 
CO2/CH4 ratio was chosen to verify if comparable tendencies would be observed 
when reducing the CO2 content of the source gas with respect to CH4. 
 
 
 
Table 2.5: Adsorption measurements conducted 
with gas mixtures (CH4/CO2) at 45°C on dry coal 
samples. 
 
The results of the preferential sorption tests on the five coals are shown in Figure 
2.18 through Figure 2.22. It is evident from these diagrams that distinct differences 
exist in the preferential CO2/CH4 sorption behaviour of the coal samples: The two 
highest rank coals (Upper Freeport, VRr = 1.16 % and Pocahontas #3, VRr = 1.68 %) 
measured at very similar mixed-gas compositions of 0.79 and 0.82, respectively, ex-
hibit a preferential sorption behaviour “as expected” (Figure 2.18 and Figure 2.19): 
preferential adsorption of CO2 and preferential desorption of CH4. In these two cases 
Coal sample x(CO2) PMAX (bar) 
Beulah-Zap 0.91 126.20 
Wyodak 0.17 123.53 
Illinois 0.84 113.05 
Upper Freeport 0.79 117.78 
Pocahontas 0.82 180.90 
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the adsorption curves show the highest degree of preferential adsorption (fractiona-
tion) with respect to the source-gas at the lowest pressure and approach the source 
gas composition at their final pressure levels.  
 
 
 
 
Figure 2.18: High-pressure 
mixed-gas preferential sorption 
measurements on Pocahontas 
#3 in the dry state at 45°C. 
 
 
 
 
 
Figure 2.19: High-pressure 
mixed-gas preferential sorption 
measurements on Upper Free-
port in the dry state at 45°C. 
 
 
 
 
 
Figure 2.20: High-pressure 
mixed-gas preferential sorption 
measurements on Illinois #6 in 
the dry state at 45°C. 
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Figure 2.21: High-pressure 
mixed-gas preferential sorption 
measurements on Wyodak coal 
in the dry state at 45°C. 
 
 
 
 
 
Figure 2.22: High-pressure 
mixed-gas preferential sorption 
measurements on Beulah-Zap in 
the dry state at 45°C. 
 
The desorption curves deviate less strongly from source gas composition, while pref-
erential desorption of CH4 increases with decreasing pressure. Preferential adsorp-
tion of CO2 and preferential desorption of CH4 is developed much more strongly here 
for the more highly mature sample (Pocahontas #3). 
The three Argonne coal samples of lower rank (Illinois #6, Wyodak, North Dakota 
Beulah-Zap; Figure 2.19 through Figure 2.22) exhibit a preferential sorption behav-
iour contrasting with the observations for the Pocahontas and the Pennsylvania Up-
per Freeport coals. All three samples show preferential desorption of CO2 which is 
particularly the case for the Illinois #6 and Wyodak samples (Figure 2.20 and Figure 
2.21) and to a lesser extent for the Beulah-Zap sample (Figure 2.22). This phenome-
non becomes even more obvious at lower pressures. A characteristic difference can 
be observed for the adsorption process as well. Evidently, all three coals show to 
some extent preferential adsorption of CH4 at low pressures (between 20 and 40 bar 
(2-4 MPa)). This phenomenon has already been reported for other samples by 
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Krooss et al. (unpubl. data, presented at the 2002 International Workshop on ECBM, 
Tokyo Japan) and Busch et al. (2003a). 
2.10 Discussion 
All of the sorption/desorption experiments with CO2 and methane described in this 
study have been performed on dry coals. While this puts limits on the direct applica-
bility to CBM, ECBM and CO2 storage processes it avoids the additional complexity 
of the influence of moisture and still provides general information on the various ef-
fects and processes associated with gas adsorption on natural coals. The Argonne 
Premium Coal sample sequence represents a well-studied sample set covering a 
relatively wide maturity range and similar maceral compositions. Therefore, it was 
ideally suited for this systematic sorption study. 
2.10.1 Effects of rank and maceral composition on excess sorption 
Within the sample set studied a general tendency can be observed of adsorption ca-
pacities increasing linearly with rank up to ∼50 bar (∼5 MPa), although there are 
some exceptions: The Beulah-Zap lignite, with the lowest rank of all samples, shows 
the highest methane sorption capacity in this sequence. Furthermore, the Illinois #6 
coal has the highest CO2 sorption capacity while it has the third lowest rank of all 
samples (VRr =0.46 %). 
Laxminarayana and Crosdale (1999) propose that maceral composition is an impor-
tant control on the gas adsorption capacity. In a later contribution, Laxminarayana 
and Crosdale (2002) report no direct trend of increasing CH4 adsorption capacity with 
total vitrinite contents. This is supported by investigations performed by Clarkson and 
Bustin (presented at the 1999 CBM Symposium, Tuscaloosa, Alabama) for CH4 and 
CO2 on moist coals. 
While maceral compositions vary only little in the Argonne sample set and therefore 
differences in adsorption capacity cannot be addressed with respect to this attribute, 
the influence of the rank on gas adsorption capacity is clearly documented at least for 
the low pressure range. Prinz et al. (unpubl. data, presented at the 2001 CBM Sym-
posium, Tuscaloosa, Alabama) support this statement and demonstrate that espe-
cially the sorption capacity of methane is strongly dependent on the rank for moist 
coals.  
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Increasing adsorption capacities are attributed to the microporous structure of the 
coal (Clarkson and Bustin, 1996, Lu et al., 2001). The latter ascribes the increasing 
capacities to an increase of the crystalline phase in the coal with decreasing amounts 
of volatile matter and consequently with an increase in vitrinite reflectance. This in-
crease in crystalline phase would lead to an increase in the microporosity of the coal. 
Laxminarayana and Crosdale (1999) state a clear relationship of decreasing Lang-
muir pressures (KL) with increasing rank, implying that the pore surface becomes less 
heterogeneous and coverage of the surface is more complete. This observation is 
supported by Table 2.3. The Langmuir pressures calculated for the CH4 and CO2 iso-
therms show a distinct decrease with increasing rank which is particularly large for 
CO2 when proceeding from the Illinois #6 (VRr=0.46 %) to the Upper Freeport 
(VRr=1.16 %) coal. Like in most instances the Beulah-Zap lignite (VRr=0.25 %) forms 
an exception having a very high KL-value for CH4 and a slightly smaller KL-value for 
CO2 isotherms than the Wyodak sample (VRr=0.32 %). 
2.10.2 Comparison of CH4 and CO2 excess sorption capacities 
A relatively large variability was found in the ratio of the excess molar amounts of 
sorbed CO2 and CH4, determined at the final CO2-pressure. The values range from 
1.15 to 3.16 (Table 2.4) and show, apart from the Beulah-Zap lignite, a decrease with 
increasing rank. This behaviour appears to reflect a higher affinity for CO2 to low rank 
coals. 
2.10.3 Potential effects of CO2 on the sorption behaviour of coals 
Repetitive sorption experiments with CO2 on the same coal samples consistently 
showed a slight increase in sorption capacity in each successive test. A similar ob-
servation has been reported by Ohga (unpubl. data, presented at the 2003 Inerna-
tional Workshop on ECBM, Tokyo, Japan) after treatment of coal with supercritical 
CO2. On the other hand, the sorption capacity remained essentially constant in re-
petitive sorption tests with methane. This result is interpreted as the consequence of 
an extraction process or a change in the macromolecular coal structure caused by 
the carbon dioxide. Future research should address this phenomenon in particular 
with respect to sorption experiments with CO2 in the supercritical state. 
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2.10.4 Preferential sorption phenomena 
Fundamental differences were observed in the preferential sorption/desorption be-
haviour from CO2/CH4 gas mixtures by low- and high rank coals. While the expected 
effect of preferential sorption of CO2 and preferential desorption of CH4 was observed 
for the high rank coals in this series, the low-rank coals showed preferential adsorp-
tion of methane at low pressures and preferential desorption of this gas component 
over the whole pressure range. Preferential adsorption of CH4 at low pressures was 
observed in previous experiments (Krooss et al., unpubl. data, presented at the 2002 
International Workshop on ECBM, Tokyo Japan), however, neither a dependence on 
rank nor on maceral composition has been established. No references have been 
found as yet supporting the findings of preferential CO2 desorption from low-rank 
coals. 
Sorption experiments on single-gases (CO2 and CH4) and their binary mixtures 
(52.9 % CH4, 47.1 % CO2) on coals from the Sydney Basin, Australia, performed at 
30.2°C up to 6 MPa (Crosdale, unpubl. data, presented at the 1999 CBM Sympo-
sium, Tuscaloosa, Alabama) showed preferential adsorption and desorption of CH4 
by comparison of the pure end member and the pure components of the gas mixture. 
The authors explain this behaviour by pore filling models which assume a faster dif-
fusion rate for CH4 as compared to CO2. Preliminary results of adsorption-rate meas-
urements with these two gases on a Polish coal at 45°C and up to 15 MPa performed 
in our laboratory render this assumption questionable. In the experiments performed 
on six different grain size fractions sorption equilibrium was consistently reached sig-
nificantly faster by CO2 than by CH4. These findings rule out a kinetic effect resulting 
in preferential sorption of CH4. 
2.11 Summary and conclusions 
The study presented here provided an experimental data set for adsorption and de-
sorption of carbon dioxide and methane on a set of well-characterised coals of similar 
maceral composition covering a maturity range from 0.25 to 1.68 % vitrinite reflec-
tance. The single component experiments were conducted over a period of a few 
months with the same experimental set-up under identical conditions. Each CO2 ex-
periment was run at least in duplicate to ensure reproducibility and random sample 
reproducibility tests have been performed for the CH4 measurements. Therefore the 
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resulting data-sets are considered to provide a good basis for comparison of the 
sorption and desorption properties of coals of different rank.  
The Beulah-Zap lignite, the least mature sample of this selection (VRr=0.25 %), 
showed a sorption/desorption behaviour that deviated in many aspects from the gen-
eral trends observed for the other four samples. 
For the latter samples the ratios of the molar sorption capacities for CO2 and meth-
ane at 22°C on the dry coals ranged between 1.7 and 3.0 with a maximum for the 
Illinois #6 coal (VRr=0.46 %) and a tendency to decrease with rank. The Illinois #6 
sample exhibited also the highest sorption capacity for CO2 of all samples and the 
second highest methane sorption capacity which was only surpassed by the extraor-
dinarily high methane sorption capacity of the Beulah-Zap lignite. 
Comparison of the adsorption and the desorption curves for the individual experi-
ments revealed different degrees of hysteresis, which for CO2 tended to decrease 
with increasing rank, while no systematic maturity-related pattern was discernible for 
methane. Two basic types of desorption isotherms were found. The first type shows 
almost no decrease in excess sorption during the first desorption steps while the 
second type is characterised by an immediate decrease in the excess adsorbed gas 
quantity upon pressure decrease. Generally, the desorption isotherms lie above the 
adsorption isotherms. 
The extent of preferential sorption and desorption of CH4 and CO2 cannot be derived 
from single component sorption tests but requires experiments with gas mixtures. 
Competitive sorption from CO2/CH4 gas mixtures was therefore studied under well-
controlled conditions to provide, in a first step, qualitative evidence for the direction 
and extent of this process. In accordance with previous observations it was found 
that, although preferential sorption of CO2 appears to be the regular case at high 
pressures, methane may be preferentially adsorbed by certain coals in the low-
pressure range (up to 40 bar (4 MPa)). More importantly, for coals exhibiting prefer-
ential methane sorption, a preferential desorption of CO2 can be observed even at 
high pressures. This phenomenon which, to our knowledge, has not been studied or 
reported previously calls for closer and systematic investigation specifically with re-
spect to ECBM and CO2 storage activities. 
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3 METHANE AND CARBON DIOXIDE ADSORPTION-DIFFUSION EX-
PERIMENTS ON COAL: UPSCALING AND MODELING 
 
Keywords: adsorption kinetics, sorption isotherms, carbon dioxide, methane, diffu-
sion, CO2 storage, Coalbed methane, reservoir modeling 
3.1 Abstract 
Numerical modeling of the processes of CO2 storage in coal and enhanced coalbed 
methane (ECBM) production requires information on the kinetics of adsorption and 
desorption processes. In order to address this issue, the sorption kinetics of CO2 and 
CH4 were studied on a high-volatile bituminous Pennsylvanian (Upper Carboniferous) 
coal (VRr = 0.68 %) from the Upper Silesian Basin of Poland in the dry and moisture-
equilibrated states. The experiments were conducted on six different grain size frac-
tions, ranging from <0.063 mm to ~3 mm at temperatures of 45°C and 32°C, using a 
volumetric experimental setup. CO2 sorption was consistently faster than CH4 sorp-
tion under all experimental conditions. For moist coals, sorption rates of both gases 
were reduced by a factor of more than two with respect to dry coals and the sorption 
rate was found to be positively correlated with temperature. Generally, adsorption 
rates decreased with increasing grain size for all experimental conditions. 
Based on the experimental results, simple bidisperse modeling approaches are pro-
posed for the sorption kinetics of CO2 and CH4 that may be readily implemented into 
reservoir simulators. These approaches consider the combination of two 1st-order 
reactions and provide, in contrast to the unipore model, a perfect fit of the experimen-
tal pressure decay curves. The results of this modeling approach show that the ex-
perimental data can be interpreted in terms of a fast and a slow sorption process. 
Half-life sorption times as well as the percentage of sorption capacity attributed to 
each of the two individual steps have been calculated. 
Further, it was shown that an upscaling of the experimental and modeling results for 
CO2 and CH4 can be achieved by performing experiments on different grain size frac-
tions under the same experimental conditions.  
3 Methane and Carbon Dioxide Adsorption-Diffusion Experiments on Coal: Upscaling and 
Modeling 
55 
In addition to the sorption kinetics, sorption isotherms of the samples with different 
grain size fractions have been related to the variations in ash and maceral composi-
tion of the different grain size fractions. 
3.2 Introduction 
Coalbed methane (CBM) production combined with CO2 injection is presently an is-
sue of intense investigation worldwide. This combination is expected to enhance 
CBM production (ECBM) while providing an opportunity for subsurface storage of 
large amounts of CO2. Apart from the increase in CBM recovery efficiency, CO2 injec-
tion into coal seams could contribute to the reduction of greenhouse gas emissions 
as required by the 1997 Kyoto agreement. 
In Europe, the feasibility of CO2 storage in coal seams is presently being investigated 
in the EC RECOPOL project, which involves laboratory tests, numerical modeling, 
and a pilot injection of CO2 into Pennsylvanian (Upper Carboniferous) coal seams in 
the Upper Silesian Basin of Poland. RECOPOL is the first project of this kind outside 
North America. The laboratory tests performed at RWTH-Aachen provide fundamen-
tal data on the gas storage capacity of CO2 and CH4 of dry and moist coal (Krooss et 
al., 2002; Busch et al., 2003b) and information on the adsorption behaviour of mix-
tures of the two gases (preferential sorption, Busch et al., 2003a) as well as on the 
pore structure of coals of different rank (Prinz et al., 2004). 
Another aspect of major importance for CO2 storage and CO2-enhanced CBM recov-
ery is the rate of CO2 adsorption and CH4 desorption. To address this issue, adsorp-
tion kinetic experiments with both CO2 and CH4 were performed on six different grain 
size fractions (<0.063 mm to ~3 mm) of a coal sample from the Upper Silesian Coal 
Basin in Poland. The purpose of this study was (I) to define a simple empirical model 
describing the adsorption rates of the two gases, (II) to attempt an extrapolation of 
the data from the laboratory to the reservoir scale, (III) to relate sorption isotherms to 
different coal properties of different particle sizes, and (IV) to contribute to a better 
understanding of the combined CO2-storage and CBM-production technologies. 
3.2.1 Processes and mechanisms of gas transport and sorption in coal 
The development and implementation of reservoir simulators for CBM production, 
ECBM processes, and CO2 storage requires detailed and reliable information on fluid 
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transport processes in coal. An improved understanding of these processes from the 
macroscopic to the microscopic scale is important for the accurate prediction of gas 
and water production rates as well as CO2 injection rates. The mechanisms of stor-
age and transport of gas and water in coal differ significantly from conventional gas 
reservoirs. Commonly, gas transport in coal is considered to occur at two scales: (I) 
laminar flow through the cleat system, and (II) diffusion through the coal matrix. Flow 
through the cleat system is pressure-driven and may be described using Darcy’s law, 
whereas flow through the matrix is assumed to be concentration-driven and is mod-
eled using Fick’s law of diffusion. Gas storage by physical adsorption occurs mainly 
in the coal matrix (Harpalani and Chen, 1997). 
Literature on gas-coal interactions focuses mainly on the adsorption capacity of coal 
at pressure-temperature conditions in the CO2-subcritical state, while adsorption 
rates have received little attention. Some exceptions are the works of Marecka and 
Mianowski (1998); Ciembroniewicz and Marecka (1993), Clarkson and Bustin 
(1999a,b), Laxminarayana and Bustin (unpubl. data, presented at the 2003 CBM 
Symposium, Tuscaloosa, Alabama), Seewald and Klein (1986) and Smith and Wil-
liams (1984) as well as some very early works that arose from the German hard coal 
mining (Damköhler, 1935; Jüntgen and Langhoff, 1964 and Schilling, 1965). 
Sorption kinetic data may be obtained by monitoring the rate of pressure equilibration 
during individual pressure steps of volumetric sorption experiments. These meas-
urements can be readily combined with the determination of adsorption isotherms for 
the assessment of the gas sorption capacity (e.g. Clarkson and Bustin, 1999b). In-
vestigations of the degassing of CH4 from produced coal have typically considered 
processes occurring at atmospheric pressure or during rapid transfer of coal samples 
from in-situ pressure to the surface (Smith and Williams, 1984; Schilling, 1965). 
Only a few studies (e.g. Marecka and Mianowski, 1998, Ciembroniewicz and 
Marecka, 1993; Siemons et al., 2003) report experimentally determined CO2 sorption 
rates in coal, even though CO2 may be a significant component of coalbed gas 
(Greaves et al., presented at the 1993 CBM Symposium, Tuscaloosa, Alabama). 
Such studies are also important when considering coal seams as storage media for 
CO2. 
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3.2.2 Theoretical and modeling aspects of sorption kinetics and diffusion 
The interpretation of adsorption rate experiments requires a combined diffusion-
adsorption model on the coal-particle scale. One of the best known modeling ap-
proaches is the bidisperse diffusion model by Ruckenstein et al. (1971). Other diffu-
sion-adsorption models are summarised in the paper of Bhatia (1987). Clarkson and 
Bustin (1999a,b) provided an excellent overview of this topic by combining theoretical 
and experimental approaches. Their study discussed unipore as well as bidisperse 
transport models for dull and bright coals of different pore size distribution. Further-
more, their research provides a modification of the bidisperse transport model of 
Ruckenstein et al. (1971) by taking into account the effect of non-linear sorption iso-
therms. Recently, Shi and Durucan (2003) presented a bidisperse pore diffusion 
model for the displacement and desorption of CH4 in coal by CO2. In order to test the 
validity of the existing theoretical concepts and modify them if required, there is an 
increasing demand for reliable experimental data on the adsorption-desorption kinet-
ics of CH4 and CO2 on natural coals. 
3.3 Sample 
All experiments reported here were performed on a single coal sample. The coal was 
obtained as a block from a depth of about 900 m from the Silesia mine (315 LW 155) 
in the Upper Silesian Basin of Poland. It was ground and sieved into six different 
grain size fractions. This subbituminous Pennsylvanian (Upper Carboniferous) coal 
had a mean random vitrinite reflectance of 0.68 %. The maceral composition was 
found to vary strongly with grain size fraction. Vitrinite contents showed a variation 
from 60.3 for the smallest up to 72.0 % for the largest fraction. Inertinite contents 
ranged from 38.7 to 22 % and the liptinite contents from 1 to 6 % (Table 3.1). Mois-
ture contents were quite similar for the individual grain size fractions, whereas ash 
contents varied from 10.4 for the smallest to 4.5 % for the largest grain size fraction. 
3.4 Methods 
3.4.1 Sample preparation 
The crushed Silesia coal sample was divided and aliquots were sieved into six differ-
ent grain size fractions: <0.063 mm, 0.063×0.177 mm, 0.177×0.354 mm, 
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0.354×0.707 mm, 0.707×2.0 mm and ~3 mm. For adsorption measurements on dry 
coal, the powdered samples were dried in the adsorption cell under vacuum for at 
least 1.5 hours at a temperature of 105°C. The sieving process may result in partial 
enrichment or depletion of coal macerals in certain grain size fractions. Cloke et al. 
(2002) performed a very detailed study of maceral and ash fractionation during siev-
ing. This issue will be addressed later in this paper. 
Table 3.1: Analytical data of grain size fractions of the coal sample from the Silesia mine, Poland used for CO2 
and CH4 sorption kinetic experiments.  
Grain size 
(mm) 
VRr  
(%) 
Liptinite 
(%) 
Vitrinite 
(%) 
Inertinite 
(%) 
Ash  
(%) 
Moisture 
(%) 
<0.063 0.68 1 60.3 38.7 10.42 2.76 
0.063-0.177 0.68 2.9 64.5 32.6 8.62 2.57 
0.177-0.354 0.68 4.7 66.4 28.8 5.41 3.66 
0.354-0.707 0.68 4.9 68.2 26.9 4.66 3.63 
0.707-2 0.68 5.4 72 22.6 4.33 3.16 
~3 0.68 6 72 22 4.49 3.68 
Moisture equilibration was carried out according to the standard ASTM D 1412 – 93 
procedure. After moisturising, the sample material was transferred immediately to the 
adsorption cell. An aliquot was used for determination of the moisture content. For 
further details, see Krooss et al. (2002). 
3.4.2 Experimental setup for sorption kinetic experiments 
Figure 3.1A shows the experimental setup for single-component gas adsorption and 
sorption kinetic experiments. The device consists of a stainless steel sample cell, a 
set of actuator-driven valves, and a high-precision pressure transducer (max. pres-
sure 25 MPa, with a precision of 0.05 % of the full scale value). The volume between 
valves V2 and V3, including the dead volume of the pressure transducer, was used as 
a reference volume (see below) and was determined by helium expansion in a cali-
bration run. The powdered coal samples were placed into the calibrated sample cell. 
An in-line filter with 2 µm pore size was used to prevent coal or mineral particles from 
entering the valves. The sample cell was kept in a temperature-controlled oven, the 
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temperature of which was held constant to ±0.1°C of the set-point. Figure 3.1B 
shows the volumetric parameters used for the evaluation of the measurements. 
To monitor the rate of the sorption process, pressure data-points were initially taken 
every second and then at one-minute intervals until equilibration of the gas phase 
with the coal was complete. The resulting pressure decay curves recorded for differ-
ent grain size fractions of the coal were then analysed to determine the gas sorption 
rate. 
 
V2
pressure
transducer sample cell
vacuum pumpmeasuring gas
V3
V1 gas access/evacuation
system: closed/open
cells: separated/connected
filter  
 
Vref Vsample
Vvoid
Vsample cell
pressure transducer
 
Figure 3.1. Schematic diagram of the experimental set-up for single component gas adsorption on coals (A). 
Volume between V2 and V3 including dead volume of pressure transducer used as reference volume. Definitions 
for the volumetric method for gas sorption measurements (B). Vref=reference cell volume; Vvoid=void volume of 
sample cell; Vsample=sample volume; Vsample cell=sample cell volume. 
A total of 20 sorption kinetic experiments were performed with CH4 and CO2, respec-
tively, on dry and moist samples of the Silesia 315 LW 155 coal. 
A 
B 
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Measurements on dry coal were conducted at 45°C on six different grain size frac-
tions (listed in Table 3.1 and Table 3.2). Experiments with CO2 and CH4 on moist 
samples were performed at 45°C on three grain size fractions. For comparison, one 
CO2 and one CH4 sorption experiment was conducted on dry coal at 32°C. Sorption 
equilibration was monitored at three to ten different pressure levels. 
Table 3.2. Parameters for CH4 and CO2 sorption rates on dry and moist Silesia coal samples of different grain 
sizes (equation 5). 
CH4 "average" grain size radius (mm) 
Fraction sorption 
sites I (Q0’) 
t1/2 [s] 
=ln(2)/k’ 
Fraction sorption 
sites II (Q0’’) t1/2 [s] =ln(2)/k’’
45°C (dry)      
P(ini)=3.3825 MPa 1.58E-02 61% 51.6 39% 478 
P(ini)=1.84 MPa 2.85E-02 93% 89.3 7% 2030 
P(ini)=2.44 MPa 4.43E-02 79% 115 21% 2270 
P(ini)=2.2075 MPa 8.83E-02 70% 159 30% 3780 
P(ini)=2.532 MPa 3.23E-01 68% 145 32% 2470 
P(ini)=1.3175 MPa 1.25E-00 64% 178 36% 3820 
45°C (moist)      
P(ini)=6.38 MPa 4.43E-02 81% 294 19% 9650 
P(ini)=3.12  8.83E-02 53% 439 47% 7610 
P(ini)=3.300 MPa 3.23E-01 43% 1150 57% 24800 
32°C (dry)      
P(ini)=1.9575 MPa 3.23E-01 69% 233 31% 9290 
CO2 "average" grain size radius (mm) 
Fraction sorption 
sites I (Q0’) 
t1/2 [s] 
=ln(2)/k’ 
Fraction sorption 
sites II (Q0’’) 
t1/2 [s] =ln(2)/k’’
45°C (dry)      
P(ini)=0.58 MPa 1.58E-02 79% 46 21% 11800 
P(ini)=0.4775 MPa 2.85E-02 95% 7.1.7 5% 1250 
P(ini)=0.6775 MPa 4.43E-02 96% 74.2 4% 1620 
P(ini)=0.8525 MPa 8.83E-02 88% 86.6 12% 1360 
P(ini)=0.96 MPa 3.23E-01 86% 86.0 14% 585 
P(ini)=0.575 MPa 1.25E-00 78% 120 22% 3070 
45°C (wet)      
P(ini)=1.5925 MPa 4.43E-02 86% 114 14% 7670 
P(ini)=1.7375 MPa 8.83E-02 58% 78.8 42% 1160 
P(ini)=1.435 MPa 3.23E-01 47% 156 53% 2850 
32°C (dry)      
P(ini)=0.625 MPa  3.23E-01 83% 64.1 17% 691 
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3.5 Results 
3.5.1 Dependence of sorption rate on particle size 
The normalised sorption equilibration curves for the first pressure step on different 
grain size fractions of the dry Silesia coal are shown in Figure 3.2 A,B for CH4 and 
CO2. The relative pressures were calculated. As expected, sorption equilibrium is 
reached fastest for the smallest grain size fraction. For CH4, equilibration times are 
between about 6 hours for the largest and about 1 hour for the smallest grain size 
fraction. Experiments with CO2 show similar trends but significantly shorter equilibra-
tion times of about 2 hours for the largest and about 0.5 hours for the smallest grain 
size fraction. 
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Figure 3.2. Comparison 
of normalised CH4 (A) 
and CO2 (B) sorption 
equilibration curves for 
different grain size frac-
tions of Silesia 315 coal 
in the dry state. 
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Direct comparison of the normalised sorption equilibration curves for CO2 and CH4 in 
Figure 3.3 reveals the relative rates of equilibration for the two gases. From this dia-
gram it is evident that sorption equilibration is significantly faster for CO2 than for 
CH4. 
 
 
 
 
Figure 3.3. Comparison of CO2 
and CH4 pressure equilibration 
curves on the ~3 mm fraction of 
the Silesia 315 coal (dry) for two 
different pressure levels. 
 
3.5.2 Temperature dependence of sorption rate 
A comparison of sorption equilibration curves (first pressure step) recorded at 32°C 
and 45°C revealed that for both gases pressure equilibration is reached fastest for 
the experiment performed at 45°C (Figure 3.4). For this grain size fraction (0.707-2 
mm), equilibration times for CH4 and CO2 at 45°C are about 10 hours and 1 hour, 
respectively, whereas equilibration times for the 32°C measurements are about 18 
hours and 2 hours for CH4 and CO2, respectively. Therefore a decrease in sorption 
rates by a factor of about 2 can be observed upon temperature reduction by 13°C. 
 
 
 
 
 
Figure 3.4. Comparison of CO2 
and CH4 pressure equilibration 
curves for the 32°C and 45°C 
measurements. Grain size frac-
tion: 0.707-2 mm. 
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3.5.3 Gas sorption rates on dry and moist coal 
A comparison of sorption equilibration curves for dry and moist coal (grain size frac-
tion 0.707-2 mm) is shown in Figure 3.5. For both gases, the sorption equilibration 
curves measured with the dry samples show a much steeper decline than those ob-
tained with the moist samples, indicating much shorter equilibration times. Equilibra-
tion times for CH4 on this grain size fraction were about 8 hours and 45 hours for the 
dry and the moist sample, respectively. For the moist sample, equilibrium may not 
even have been reached during this time period. 
For the CO2 sorption kinetics experiments (Figure 3.5), pressure decline curves on 
dry and moist Silesia coal indicate that equilibration times were sufficiently long. 
Here, equilibrium was reached after ~2 hours for the dry and ~8 hours for the moist 
coal experiment. 
 
 
 
 
Figure 3.5. Comparison of 
equilibration times for CH4 and 
CO2 on wet and dry coal of the 
same grain size fraction 
(0.707-2 mm). 
 
3.5.4 Sorption isotherms 
The equilibrium sorption isotherms for CH4 and CO2 were calculated for the different 
grain size fractions on a dry, ash-free basis. Experimental errors for the excess sorp-
tion isotherms were below 3 % as calculated by the Gauss error propagation law. 
Generally, we expected to find the same sorption isotherms for all grain size fractions 
unless maceral fractionation occurred during sieving.  
Figure 3.6 shows the CO2 and CH4 isotherms measured on dry coal at 45°C for the 
six different grain size fractions. Obvious variations exist in the isotherms for the dif-
ferent grain size fractions. These are stronger for CO2 but no specific trend can be 
observed in terms of shape or maximum sorption capacities. 
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Figure 3.6. CO2 and CH4 sorp-
tion isotherms of different grain 
size fractions. All measure-
ments performed on dry coal 
at 45°C. CO2 in solid lines, 
CH4 in dashed lines. 3 % error 
bars given in the diagram for 
each isotherm. 
 
3.6 Interpretation of experimental data 
3.6.1 Single-step model (unipore model) 
Various approaches have been used by different authors to describe the kinetics of 
gas sorption on coal and to link this information to pore structure models. The pre-
sent work has produced a large amount of experimental sorption kinetic data under 
conditions considered to be relevant for CBM production and CO2 storage in coal. To 
make these results applicable for prediction and modeling purposes we have param-
eterised the experimental equilibration curves to develop simple, empirical or semi-
empirical equations. These parameterised equilibration curves may be used in the 
development of more sophisticated sorption models in the future. 
The first parameterisation involved application of a simple model for diffusion in ho-
mogeneous spherical particles (Crank, 1975). Although this method does not provide 
a perfect fit of the measured data it may be sufficient as a first-order approximation 
for certain purposes such as making a first estimate of the transport rates in a spe-
cific coal reservoir. Among others, Clarkson and Bustin (1999b) and Smith and Wil-
liams (1984) have used the unipore approach of Crank (1975) to fit their experimental 
data. This model assumes a constant gas concentration at the surface of the spheres 
throughout the sorption process. In the experimental approach used in this study, the 
gas concentration is not constant but decreases with time due to adsorption on the 
coal surface. The diffusion model applied instead assumes a sphere or a number of 
spheres with radius a, placed in a fixed volume where the free volume (i.e. not occu-
pied by the particles) is V. The concentration of sorptive gas in the free volume is al-
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ways uniform and is initially C0. The initial concentration of sorbate within the spheres 
is zero. The total amount Mt of gas sorbed after time t is expressed as a fraction of 
the corresponding quantity M∞ after infinite time by the relationship (Crank, 1975, 
eqn. 6.30): 
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Here, qn are the non-zero roots of 
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where α is the ratio of the void volume V and the volume of the solid spheres, D is 
the diffusion coefficient, and t is the equilibration time. 
The parameter α is expressed in terms of the final fractional uptake of gas by the 
sphere by the equation, 
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Since many CBM/ECBM reservoir simulators operate with a single-step unipore dif-
fusion model, it is useful to provide a unipore approximation of the experimental data. 
Figure 3.7 depicts an attempt to match a fractional uptake curve with the simple uni-
pore diffusion model given in equations 1 through 3 (particle size: ~3 mm).  
 
 
 
 
Figure 3.7. Fit of experimental 
sorption rate data using a single-
step or unipore diffusion model 
approach. 
 
The best fit of the experimental data was obtained with an effective diffusion coeffi-
cient of 7.88·10-11 m²/s. For comparison, the model curves for diffusion coefficients of 
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7.88·10-10 and 7.88·10-12 m²/s, are also plotted in this diagram. Though not perfect, 
the simple unipore diffusion model yields a first-order approximation of the experi-
mental results. Furthermore, it can be easily integrated into existing CBM/ECBM res-
ervoir simulators. 
3.6.2 Two combined 1st-order rate functions (bidisperse model) 
While the unipore diffusion model yields an approximation of the experimental sorp-
tion kinetic data, an improved parameterisation of gas sorption processes on coal 
requires at least the assumption of a two-step process (cf. Siemons et al., 2003, Cui 
et al., 2004; Shi and Durucan, 2003). This reflects the fact that transport and succes-
sive sorption in macro- and micropores occurs at different time scales.  
Over the past 20 to 30 years, numerous attempts have been made to model experi-
mental sorption data by using bidisperse diffusion models. Among these, the ap-
proach by Ruckenstein et al. (1973) is well known and used widely in its original or 
extended version. This approach assumes a pore model consisting of spherical parti-
cles (macrosphere) containing microspheres of uniform size. Model equations and 
solutions are given elsewhere (Ruckenstein et al., 1973). This model was found to be 
inadequate to fit the data obtained in this study. Clarkson and Bustin (1999b) and Shi 
and Durucan (2003) already pointed out the problems encountered by this model in 
fitting high-pressure adsorption-desorption data, because it assumed linear adsorp-
tion isotherms for CO2 and CH4. Generally, sorption isotherms for coals are known to 
be non-linear.  
Bathia (1987) compared different sorption kinetic models and concluded that a rea-
sonable fit with the bidisperse model by Ruckenstein et al. (1973) can be achieved 
but that inconsistencies exist due to Ruckenstein’s assumption of linear isotherms.  
Considering the deficiencies of the complex bidisperse Ruckenstein model it was de-
cided, mainly for practical purposes, to describe the gas sorption processes in terms 
of a combination of two 1st-order rate functions with different rate constants. 
The normalised equilibration curves were expressed in terms of the residual (unoc-
cupied) sorption capacity, Qresidual, as a function of time: 
∞
∞
−
−=
PP
PtPtQresidual
0
)()(  (3-4) 
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Here P0 and P∞ denote the initial and final system pressures of a given pressure 
step, and P(t) is the system pressure at time t. 
Qresidual(t) is then expressed by the combined 1st-order rate function, 
t)k(Qt)k(Q(t)Q IIII0
II
0residual ⋅−⋅+⋅−⋅= expexp  (3-5) 
where III QQ 00 ,  are the normalised sorption capacities with 
III QQ 00 1−= , and III kk ,  are 
the two 1st-order rate constants. 
Figure 3.8 shows a comparison of two approaches to match the experimental pres-
sure decline curve. The first approach based on a single 1st-order rate sorption model 
gives only a rough approximation. When using two combined 1st-order rate functions, 
a perfect fit of the data can be achieved. 
 
 
 
Figure 3.8. Comparison of the fits 
of an experimental pressure decline 
curve with a single 1st order rate 
function and with two combined 1st 
order rate functions. 
 
3.7 Results using the 1st-order kinetic model 
3.7.1 Grain-size dependence 
Evaluations of the experimental data with the bidisperse 1st-order kinetic approach 
revealed that, for measurements on dry samples and depending on the grain size, 77 
to 95 % of the CO2 adsorption and 65 to 93 % of the CH4 adsorption is accounted for 
by a rapid sorption step followed by a slow sorption step accounting for 5 to 23 % of 
the CO2 and 7 to 35 % of the CH4 sorption (Figure 3.9). In this diagram, the smallest 
grain size fraction (<0.063 mm) has been excluded, because this fraction is consid-
ered to contain an extraordinarily high percentage of microporosity, which makes it 
unusable for comparison. 
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With an increase in the average grain size radius, the fraction of the sorption capacity 
associated with the slow sorption process increases for both gases while the sorption 
capacity associated with the rapid sorption process decreases.  
 
Figure 3.9: Normalised sorp-
tion capacity versus average 
radius of grain size fraction 
for CH4 and CO2 on dry Sile-
sia coal at 45°C (fast sorp-
tion process: regression in 
solid lines; slow sorption 
process: regression in 
dashed lines).  
 
Half-life times as characteristic parameters of the combined adsorption-diffusion 
processes are plotted in Figure 3.10 (CH4) and Figure 3.11 (CO2) as a function of 
grain size. As expected, for the dry samples half-life times for sorption increase with 
increasing grain size for CH4 (rapid and slow sorption process) and for the rapid sorp-
tion process of CO2. Quite unexpectedly, for the slow CO2 sorption process the half-
life times show a tendency to decrease with increasing particle size (Figure 3.11). 
The reasons for this behaviour are so far not understood and additional measure-
ments are required to confirm this observation. All trends (rapid and slow sorption 
process; CO2 and CH4) approach a constant value for the larger grain size fractions.  
 
 
 
 
Figure 3.10. Half-life sorption 
times versus grain size for 
CH4 on dry Silesia coal at 
45°C. 
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Figure 3.11. Half-life sorption 
times versus grain size for 
CO2 on dry Silesia coal at 
45°C. 
 
3.7.2 Pressure dependence of sorption kinetics 
To evaluate the dependence of the sorption rate on the gas pressure and, corre-
spondingly, surface coverage (Mt/M∞), the 0.707-2 mm and ~3 mm fractions were 
analysed in detail with respect to variations in sorption half-life times as a function of 
surface coverage. Results of these evaluations are given in Figure 3.12 through 
Figure 3.15. Figure 3.12 and Figure 3.13 show the half-life sorption times for the 
rapid and slow sorption processes of CH4. The two processes generally show dis-
tinctly different behaviour with increasing values of Mt/M∞. While for the rapid sorption 
process a slight decrease at low Mt/M∞-values is observed, followed by a slight in-
crease in half-life sorption times with increasing Mt/M∞-values, the slow sorption 
process shows no variations initially but a strong and sudden increase in half-life 
sorption times at high Mt/M∞-values. 
 
 
Figure 3.12. CH4 half-life 
sorption time of the rapid 
sorption process as a function 
of Mt/M∞ for the grain size 
fractions 0.707-2 mm and ~3 
mm. Dry coal at 45°C. 
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Figure 3.13. CH4 half-life 
sorption time of the slow 
sorption process as a function 
of Mt/M∞ for the grain size 
fractions 0.707-2 mm and ~3 
mm. Dry coal at 45°C. 
 
 
 
Figure 3.14. CO2 half-life 
sorption time of the rapid 
sorption process as a function 
of Mt/M∞ for the grain size 
fractions 0.707-2 mm and 
~3 mm. Dry coal at 45°C. 
 
 
 
Figure 3.15. CO2 half-life 
sorption time of the slow 
sorption process as a function 
of Mt/M∞ for the grain size 
fraction 0.707-2 mm and 
~3 mm Dry coal at 45°C. 
 
A similar behaviour is observed for CO2. The rapid sorption process shows only slight 
variations in half-life sorption times with increasing Mt/M∞-values. At a higher surface 
coverage, similarly to CH4, a strong increase in half-life sorption times can be ob-
served above Mt/M∞-values of about 0.6-0.7 (Figure 3.14 and Figure 3.15). 
3 Methane and Carbon Dioxide Adsorption-Diffusion Experiments on Coal: Upscaling and 
Modeling 
71 
3.8 Discussion 
3.8.1 Effect of grain size  
The decreasing relative sorption capacity as well as the increasing sorption rates ob-
served for the rapid process with increasing grain sizes may be attributed to more 
complex pore structures on different scales in the larger particles. It can be assumed 
that these pore structures are partly destroyed during grinding of the coal. Nandi and 
Walker (1975) observed similar effects of increasing diffusion rates with decreasing 
grain size. They concluded that grinding produces additional macropores, resulting in 
a positive influence on the sorption rate. Siemons et al. (2003) performed a similar 
set of experiments and found that above a certain particle diameter (~0.5-1.0 mm) 
the sorption rates remain more or less constant. This effect is confirmed by investiga-
tions by Airey (1968) and Bertand et al. (1970). They concluded from their studies 
that if a particle exceeds a certain size (~6 mm), increasing the size affects the diffu-
sion coefficient only little (Airey, 1968). This is because, in larger particles, transport 
along cracks or cleats becomes the controlling factor while the inter-cleat diffusion 
distances remain essentially constant. Karacan and Mitchell (2003) stated that gas 
sorption rates in vitrinite and liptinite are low due to their microporous nature. The 
current sample set showed the largest vitrinite and liptinite contents as well as the 
lowest sorption rates in the larger particles, therefore confirming the observations of 
Karacan and Mitchell (2003). 
With respect to the sorption isotherms, no specific trend was observed for the two 
gases or between the two gases. The variability in the isotherms may be due to 
variations in maceral composition and ash content of the different particle size frac-
tions. Cloke et al. (2002) analysed maceral and proximate properties of different 
coals worldwide with respect to different grain sizes (<38 µm to ~212 µm). They 
found the highest ash contents and the lowest fusinite (inertinite) contents in the 
smallest grain size fractions. On the other hand, liptinite content increased with parti-
cle size due to its reduced grindability. Fixed carbon and volatile matter concentra-
tions did not show a trend with increasing grain size and vitrinite content. Bustin and 
Clarkson (1998) have shown that for isorank coal samples there is a “poor to good” 
positive correlation (depending on the coal seam) between vitrinite content and CH4 
adsorption capacity. This observation is supported by Lamberson and Bustin (1993) 
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and Crosdale et al. (1998), who found that vitrinite has a greater adsorption capacity 
than inertinite. The maceral variations given in Table 3.1 confirm the results of Cloke 
et al. (2002). It can be assumed that the varying vitrinite contents throughout the dif-
ferent grain sizes could be a controlling factor of the varying sorption capacities. 
To eliminate the effect of varying ash contents in the individual grain fractions, sorp-
tion capacities and isotherms were calculated on a dry, ash-free basis. Mineralization 
in the fractures might have an influence on the transport properties (laminar flow or 
diffusion) in the coal by blocking certain pathways (Gamson et al., 1993). This should 
affect larger particles because it is assumed that in these particles macro- and micro 
fractures are preserved better than in smaller particles. In conclusion, a combination 
of factors can be assumed to influence the isotherms measured for the different grain 
size fractions. Vitrinite is more abundant in larger particles, resulting in a larger sorp-
tion capacity. On the other hand, possible mineralization in large particles might 
cause an opposite effect. It is further considered that larger particles contain a 
smaller percentage of macroporosity (Nandi and Walker, 1975). It is well known that 
macroporosity has lower sorption capacities than microporosity, which would be a 
hint for lower sorption capacities in smaller particles. Therefore it is assumed that the 
excess sorption isotherms in Figure 3.6 are a combination of these effects which 
would explain their non-linearity with grain size. 
3.8.2 Effect of moisture 
Suuberg et al. (1993) theorised that water is a good swelling agent, therefore reduc-
ing gas diffusivity and permeability in coal. According to Jahne et al. (1987) diffusivity 
of CH4 and CO2 in water are very similar (in the order of 10-5 cm²/s) and, hence diffu-
sion through water does not play a major role in the transport processes in coal. Thi-
mons and Kissel (1973) assumed an accumulation of water by multilayer adsorption 
and capillary condensation in the coal structure. The resulting effect would be a re-
duction of the pore radii and thus a reduction of gas diffusion rates. 
3.8.3 Effect of temperature 
It is generally observed that the sorption capacity for individual gases (CO2 and CH4) 
increases with a decrease in temperature (e.g. Schilling, 1965; Krooss et al., 2002). 
The sorption rate is also affected by temperature (Figure 3.4). This is evident from 
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the pressure equilibration curves for CH4 and CO2: Equilibration times for measure-
ments at 32°C are significantly longer than those at 45°C due to a decrease in diffu-
sion rates.  
3.8.4 Effect of pressure 
Few data are available regarding the effects of gas pressure on transport processes 
in coal, specifically with respect to CO2. One exception is the work by Cui et al. 
(2004) who were able to show a clear negative correlation of micro- and macropore 
diffusivity with pressure over a broad pressure range (0-~6 MPa) for CO2, CH4 and 
N2.  
In the present work, a clear reduction of sorption rate with pressure or surface cover-
age was observed only for the slow sorption processes of CO2 and CH4, and only at 
elevated pressures. For CH4, even a slight decrease in the half-life sorption time (in-
crease in sorption rate) with pressure was observed. This observation is supported 
by Nandi and Walker (1975), who performed CH4 desorption experiments at 25°C on 
coal samples of different maturity. They found that a high volatile A bituminous coal 
sample did not show any change of desorption rate with pressure up to 2.1 MPa. In 
the present study, a clear pressure dependence of adsorption rate was observed, 
however, for higher rank coals. The sudden increase in sorption half-life time was 
attributed to a concentration effect or swelling of the coal matrix. This would imply 
that the effect of swelling on the sorption rate is only important at high pressure or 
high surface coverage. This observation contrasts the results of Cui et al. (2004) that 
documented a continuous and gradual decrease of diffusion rates with pressure. 
3.8.5 Methane versus carbon dioxide 
Throughout this study, it was observed that CO2 sorption rates are consistently 
higher by a factor of 2-3 (for moist samples by a factor of 5-6) than those for CH4, 
when comparing single-gas sorption experiments. The fact that the diffusivity of CO2 
in dry coal is higher than that of CH4 has already been pointed out by Clarkson and 
Bustin (1999b) based on experimental data and numerical calculations. Cui et al. 
(2004) arrived at the same conclusion from theoretical considerations. Larsen (2004) 
concluded from his study that CO2 has a more favourable interaction enthalpy than 
hydrocarbons which enables it to diffuse more rapidly into coals. 
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It is well known from polymer science that CO2 has a higher diffusion coefficient in 
polymer membranes than CH4 (Shieh and Chung, 1999; Xu et al, 2003). This obser-
vation is attributed to its lower kinetic diameter (CO2: 3.3; CH4: 3.8) and higher solu-
bility in polymer membranes. Sorption experiments with CO2/CH4 mixtures, have 
shown that, particularly at low pressure (<6 MPa), CH4 may become preferentially 
adsorbed with respect to CO2 both on dry and moist coal (Busch et al., 2003a,b). Fur-
thermore, preferential desorption of CO2 as compared to CH4 has been observed 
during gas mixture experiments on different coal samples. This indicates that the ad-
sorption-desorption behaviour of gas mixtures cannot be readily derived from single-
gas sorption measurements or results from polymer science, especially in the case of 
supercritical CO2. The effects causing preferential or selective sorption from gas mix-
tures on natural coal are still poorly understood. 
3.8.6 Upscaling from laboratory to reservoir scale 
In combination with the sorption kinetic experimental data the simple modeling ap-
proach used in this study provides a first step for the implementation of sorption ki-
netics into CBM/ECBM reservoir simulators and to extrapolate from laboratory to 
reservoir scale.  
A rough approximation of transport parameters can be achieved by using the unipore 
model, although a precise fit of the experimental data is not obtained by this proce-
dure. Comparison of the experimentally derived and calculated values revealed a 
deviation of < 30 %. 
In contrast to more complex models for gas diffusion in bidisperse pore systems of 
coal (e.g. Ruckenstein et al., 1971; Clarkson and Bustin, 1999b), this model does not 
make any assumptions concerning the structural properties of coal but uses a de-
scription in terms of two different sorption rates ascribed to two different stages of the 
sorption process. 
Taking the half-life sorption time and the relative sorption capacities (percentage of 
total sorption capacity) for the two sorption processes (rapid and slow) as parame-
terisation approaches, it was found that the relative sorption capacities for the two 
processes appear to have an asymptotic behaviour tending towards a maximum 
value for the relative sorption capacity of the slow process and a minimum for the 
rapid sorption process for both gases. This observation provides a possibility to cal-
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culate the amount of CO2 that can be stored in the coal seam on reasonably short 
time scales and the amounts of CO2 that can be stored in medium to long time 
scales. The trends of the half-life sorption times vs. grain size led to the conclusion 
that the results of laboratory experiments can be extrapolated to reservoir conditions, 
or more specifically, the scale of cleat spacing.  
With respect to sorption capacities and isotherm shapes no specific trends were ob-
served with respect to grain size fractions. 
In summary, the extrapolation may provide a basis for preliminary use in CBM and 
ECBM reservoir simulators but further work on the kinetics of sorption-desorption of 
CH4 and CO2 on natural coal is required. 
3.9 Conclusion 
In this study an extensive experimental database has been generated and used to 
show: 
• qualitative differences in the characteristic times for equilibrium sorption as a 
function of coal particle size 
• an approximation of transport parameters by use of a unipore model given by 
Crank (1975) and  
• a simple, semi-empirical approach of fitting the experimental data by use of 
two combined 1st order rate functions.  
• an upscaling attempt for sorption rates, percentages of sorption capacities for 
two different sorption steps and sorption isotherms for different grain sizes. 
The experimental studies on gas sorption on natural coals have provided unique and 
unexpected evidence documenting the complexity of the processes involved. Further 
systematic compilation of experimental data is required to improve the understanding 
of the observed phenomena in a qualitative and quantitative way. 
3.9.1 Implications for CBM/ECBM 
The results presented here may have implications for CO2 storage and the combined 
CO2-enhanced CBM recovery process (ECBM).  
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The observation that CO2 shows faster sorption rates than CH4 can be considered to 
support the general idea of storage of the greenhouse gas CO2 in coal seams: Pref-
erential adsorption of CO2 compared to CH4 can be expected. However, experiments 
with gas mixtures (CO2/CH4) showed that selective adsorption does not always fa-
vour CO2 (Busch et al., 2003b) and clear evidence for the preferential adsorption of 
CH4 at low pressures has been found. To clarify this contradiction, further, systematic 
investigation is indispensable. 
It is common knowledge that coal is able to adsorb higher quantities of CO2 at lower 
temperatures (e.g Krooss et al., 2002), which would be favourable for the CO2 dis-
posal. However in this study it was shown that sorption rates (CO2, CH4) tend to de-
crease with decreasing temperatures, which would result in longer time scales for 
CO2 storage projects.  
It is also commonly known that water in the coal structure reduces sorption capacity. 
Additionally, it was shown in this work that water reduces sorption rates by a factor of 
four to five, compared to the corresponding measurements on dry coal samples. This 
circumstance must be taken into consideration when estimating the CO2 storage rats 
and capacity in unminable coal seams because of the natural moisture content of 
coals. 
The processes involved in coal matrix swelling are a topic that is presently very much 
debated in the literature. Reeves (2002) showed that in the San Juan Basin the injec-
tion of CO2 leads to a reduction in permeability by almost two orders of magnitude 
(99%). This documents how dramatic the effect of coal matrix swelling by CO2 ad-
sorption might be. In this study it was shown that a significant reduction in sorption 
rates on coal powders and granules only appears at higher pressures (surface cov-
erage) which implies that permeability is only little affected by CO2 storage at low 
pressures. 
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4 INVESTIGATION OF HIGH-PRESSURE PREFERENTIAL ADSORP-
TION/DESORPTION BEHAVIOUR OF CO2 AND CH4 ON COALS: AN 
EXPERIMENTAL STUDY 
 
Keywords: CO2-Sequestration, preferential sorption, coalbed methane, gas mixtures 
4.1 Abstract 
While an increasing amount of data is becoming available on the sorption capacity of 
coals for individual gases like CH4 and CO2 at different temperatures and pressure 
ranges, only few measurements have been reported on the sorption of gas mixtures 
on natural coals under the conditions of competitive sorption of two or more compo-
nents. 
For this reason, laboratory experiments have been carried out on various moisture-
equilibrated and dry coals of different rank, composition, grain size fractions, and lo-
cation to investigate high-pressure adsorption/desorption phenomena from mixtures 
of CH4 and CO2 in this study. The samples comprise two coals from the Netherlands, 
ranging in vitrinite reflectance from 1.19 to 1.56 % VRr, three samples from the Sile-
sian Basin in Poland, currently used in the context of the EC RECOPOL project (VRr 
0.68 to 0.78 %), and five coals from the Argonne Premium Coal Sample Programme 
(VRr 0.25 to 1.68 %). 
Sorption experiments were performed with a sequential arrangement of calibrated 
reference and measuring cells and a sample loop for transfer of gas samples to an 
on-line gas-chromatograph. The experiments were carried out at 45°C and pressures 
up to 23 MPa. 
Only few measurements showed a preferential adsorption and desorption behaviour 
as commonly expected, i.e. preferential adsorption of CO2 and preferential desorption 
of CH4. Distinct variations were observed in the competitive adsorption and desorp-
tion behaviour of the different dry and moist samples, ranging from preferential ad-
sorption of CH4 in the low pressure range to preferential desorption of CO2 over the 
entire pressure range. Additionally, effects on the competitive sorption for varying 
grain sizes and coal properties are reported as a guideline for predicting adequate 
coal properties with respect to CO2 injection projects in the future. 
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4.2 Introduction 
One key parameter in the investigation of CO2-storage in coals and enhanced coal-
bed methane (ECBM) production is the relative affinity of different gas species in a 
mixture to the sorbent under given pressure and temperature conditions. Since the 
excess sorption capacity of coals for pure CO2 is generally higher than for pure CH4, 
there appears to be a general expectation that CO2 is also preferentially adsorbed 
from CO2/CH4 mixtures under competitive sorption conditions. However, the factor 
control-ling the affinity and, thus, selective sorption of a gas species to the sorbent is 
the ad-sorption energy and the molecule diameter (Cui et al., 2004). 
Sorption tests with gas mixtures on coal samples from The Netherlands have indi-
cated, however, that both, preferential adsorption of CH4 or CO2 may occur, probably 
depending on coal composition, moisture content, and pressure and temperature 
conditions (Krooss et al., 2002). 
Arri et al. (1992) performed CO2/CH4 mixed-gas experiments on coals from the San 
Juan Basin at 46.1°C. They concluded that the two molecular species compete for 
the same sorption sites. Greaves et al. (presented at the 1993 CBM Symposium, 
Tuscaloosa, Alabama) demonstrated that for binary CO2/CH4 measurements at 
22.7°C and pressures up to 7 MPa the sorption capacity for CO2 on dry Sewickley 
coal is higher than that for CH4. 
As pointed out by Crosdale (unpubl. data, presented at the 1999 CBM Symposium, 
Tuscaloosa, Alabama), studies on preferential or competitive sorption tend to be 
based on single-gas sorption experiments. The Extended Langmuir Model (Lang-
muir, 1918) and the Ideal Adsorbed Solution Theory (IAS theory, Myers and Praus-
nitz, 1965) are most commonly used for the prediction of mixed-gas adsorption on 
coal. Both models require pure component isotherm data for multicomponent predic-
tions. Application of the extended Langmuir model implies that separation factors are 
constant for all pressures because they correspond to the ratios of the Langmuir 
constants for the pure component isotherms. This assumption, however, is not nec-
essarily accurate (Clarkson and Bustin, 2000). Since the adsorption capacities for 
CO2 are usually significantly higher than for CH4, the extended Langmuir model will 
generally predict preferential adsorption of CO2 and therefore precludes the possibil-
ity of preferential adsorption of CH4. 
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The IAS theory on the other hand treats the adsorbed mixture as an ideal, adsorbed 
solution, where activity coefficients of the individual compounds are assumed to be 
unity (Clarkson and Bustin, 2000). Apart from this simplification, another factor that 
might affect the predictive capability of the IAS theory is the non-ideal behaviour of 
gas mixtures. 
When comparing the sorption capacity for individual gas components from a 
CH4/CO2 gas mixture with the corresponding capacities of the pure gases on the 
same coal, Crosdale (unpubl. data, presented at the 1999 CBM Symposium, Tusca-
loosa, Alabama) found evidence for preferential adsorption of CH4. This is confirmed 
by Saghafi and Roberts (pers. comm., 2004), who performed ternary mixed-gas sorp-
tion measurements with CH4, CO2, and N2 on bituminous coals up to 2.5 MPa. They 
clearly showed preferential adsorption of CH4 for one coal and preferential adsorption 
of CO2 for the other coal. Both experiments showed preferential desorption of CO2. 
To substantiate these findings, gas-mixture sorption experiments on four different 
sets of coal samples have been carried out in this study. The gas sorption properties 
of coal samples from the Silesian Basin in Poland have been studied under different 
conditions (dry, moisture-equilibrated, single gases and gas mixtures) in the context 
of the EC RECOPOL project (http://www.nitg.tno.nl/recopol/). 
Measurements on the Argonne Premium Coals were part of a Round Robin initiated 
by the U.S. Department of Energy (U.S. DOE) in 2002 (Goodman et al., 2004) to 
study CO2 adsorption at a temperature of 22°C and at pressures up to 880 psi 
(6 MPa). These experiments were extended by single-gas sorption measurements 
with CH4 under the same conditions and mixed-gas measurements at 45°C up to 
18 MPa (Busch et al., 2003a).  
In a recent study, sorption kinetic experiments of CO2 and CH4 have been performed 
on different grain-size fractions to establish the transport parameters of the two 
gases in coals (Busch et al., 2004, Siemons et al., 2003). The same set of samples 
was used to perform sorption kinetic experiments with CO2/CH4 binary mixtures. 
Evaluation of these experiments is still in progress but the results on the preferential 
sorption behaviour have been used in this study. 
A vast complexity of preferential sorption phenomena was discovered during the 
course leading to this study. It became clear that most coal properties (maturity, ma-
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maceral composition, moisture) might affect the individual trends. Therefore, the aim 
of this study is to present purely qualitative results on the preferential sorption behav-
iour of coal with respect to CO2/CH4 gas mixtures, giving an impression on the com-
plexity described above. 
4.3 Experimental 
4.3.1 Sample preparation 
For measurements on powdered coal, the crushed samples were divided and ali-
quots were ground to pass a sieve size of 0.2 mm. For measurements on different 
grain sizes the crushed Silesia coal sample was divided and aliquots were sieved 
into five different grain size fractions: <0.063 mm, 0.063-0.177 mm, 0.177-0.354 mm, 
0.354-0.707 mm and 0.707-2.0 mm. For measurements on dry coals, the samples 
were vacuum-dried under air atmosphere for at least 1.5 hours at a temperature of 
105°C. Moisture equilibration of the samples was carried out according to the “Stan-
dard Test Method for Equilibrium Moisture of Coal at 96 to 97 Percent Relative Hu-
midity and 30°C” (ASTM D 1412 – 93). This modified ASTM procedure is the recom-
mended method to reproduce the moisture content under reservoir conditions (Mavor 
et al., 1990). After moisturising, the sample material was transferred immediately to 
the adsorption cell. An aliquot was used for the determination of the moisture con-
tent. For further details cf. Krooss et al. (2002). 
The Argonne Premium Coal samples (see below) were supplied in small glass vials, 
each containing about five gram of coal. The grain size of the samples was ∼100 
mesh (∼0.15 mm). After opening the glass vials the coal samples were immediately 
poured into the stainless-steel measuring cell, which was then evacuated for at least 
36 hours at 80°C. This procedure was used to ensure that the samples were com-
pletely dry and that any adsorbed gas was completely removed from the coal matrix 
(see also Busch et al., 2003a). 
4.3.2 Experimental set-up  
Figure 4.1 shows a schematic diagram of the experimental set-up, consisting of a 
stainless-steel sample cell, a set of actuator-driven valves, and a high-precision pres-
sure transducer (max. pressure 25 MPa, with a precision of 0.05%). The volume be-
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between valves V2 and V3, including the dead volume of the pressure transducer, is 
used as reference volume (about 1.5 cm³, see below) and determined by helium ex-
pansion in a calibration procedure. The powdered coal samples are placed into the 
calibrated sample cell (about 5.5 cm³). A 2-µm in-line filter is used to prevent coal or 
mineral particles from entering the valves. The sample cell is kept in a temperature-
controlled oven (GC-furnace), the temperature of which is constant to ±0.1°C of the 
set-point. For the high-pressure CO2/CH4 adsorption experiments the measuring gas 
is stored in a gas cylinder at 45°C. 
4.3.3 Conduction of preferential sorption experiments 
Volumetric gas adsorption experiments are carried out in an automated way. At the 
beginning of the experiment, both the sample cell and the reference cell are evacu-
ated to establish a defined starting condition. The two cells are then separated by 
closing the shut-off valve (V3 in Figure 4.1). 
In the next step, a certain amount of gas is admitted into the reference volume by 
opening the gas access valve (V2 in Figure 4.1). After closing this valve, a certain 
time (c. 10 minutes) is allowed for pressure- and temperature equilibration in the ref-
erence cell. The switching valve (V3) between the cells is then opened and the sor-
bate gas is admitted into the sample cell. In order to monitor the establishment of 
sorption equilibrium, several pressure measurements are taken at time intervals 
ranging between 1 and 20 minutes. When the reference volume is connected with 
the sample cell, the pressure drops and equilibrium pressure is usually reached after 
an equilibration time of approximately 30 minutes for the coal powders and signifi-
cantly longer for the larger grain size fractions (several hours). After pressure equili-
bration, the system pressure is recorded and the cells are separated again. These 
steps are repeated until the final pressure level is reached.  
To analyse the composition of the free gas phase, the flow-through measuring cell is 
connected to a sample loop via a multiport valve. Free gas from the measuring cell is 
expanded into a previously evacuated sample loop (about 0.15 cm³). A small amount 
of this gas is then transferred to a GC via a micro volume sampling valve (0.06 µl, 
with an error of 20 %) and analysed for its CH4 and CO2 content. A simplified scheme 
of the set-up is shown in Figure 4.2. 
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Figure 4.1: Schematic diagram of the experi-
mental setup for gas adsorption on coals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the volumetric gas desorption experiments the procedure is as follows: After 
reaching the final adsorption pressure, the sample loop is first evacuated and then 
connected to the measuring cell. After pressure equilibration, the gas in the sample 
loop is analysed by transferring it to the on-line GC via the micro volume sample 
loop. After the gas analysis, the sample loop is evacuated again and the procedure 
restarts until the pressure minimum is reached. 
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Figure 4.2: Simplified scheme of the experimental set-up for measuring preferential adsorption from gas mixtures. 
For each source gas mixture, the GC peak area ratio  
x(CO2) = peak area CO2/(peak area CO2 + peak area CH4)   (4-1) 
was measured over the entire experimental pressure range. Generally, the measured 
peak area ratio remained constant by 1-2 per cent. For further details see Busch et 
al. (2003a). Experimental errors have been calculated to be below 3 % based on the 
Gauss error propagation law. 
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4.4 Samples 
The adsorption and desorption measurements reported here have been performed 
on a sequence of Pennsylvanian samples from the Netherlands; three Pennsylvanian 
coals from the Silesian Basin, Poland; and a set of selected Pennsylvanian and Ter-
tiary Argonne Premium Coal samples from the USA. 
4.4.1 Dutch coals 
Since active coal mining in the Netherlands ceased in late 1974, the most recent coal 
samples from cores are from coal exploration wells that were drilled in the 1980s. 
Coal samples from these cores were taken at that time and stored in sealed glass 
containers. The two selected samples (Table 1) are from the Achterhoek area in the 
western part of the Netherlands. They have approximately the same vitrinite contents 
(about 68 %). While liptinite contents of Joppe-1 IV are relatively high (14 %), the 
Joppe-1 IX coal has a very low liptinite content (1 %) and a substantially higher per-
centage of inertinite (30 %). The samples cover a maturity range from 1.19 to 1.56 % 
vitrinite reflectance (Table 4.1).  
4.4.2 Silesian Basin coals 
Table 4.1 lists the three samples from the Silesia and Brzeszcze mines in the Sile-
sian Basin, Poland. These high volatile bituminous coals are presently being investi-
gated with respect to their CH4- and CO2-sorption properties in the context of the EC 
RECOPOL Project. The rank ranges from 0.68 to 0.78 % VRr. For these coals, a ma-
jor difference in vitrinite and inertinite contents can be observed: While Brzeszcze 
405 LW 106 and Silesia 315 LW 155 comprise similar maceral contents, Brzeszcze 
364 LW 105 has much lower total vitrinite contents of 36 %, compared to 74 and 
70 % for the other two coals. 
Additionally, a block of the Silesia 315 LW 155 coal sample was ground and sieved 
into different grain size fractions. The maceral composition was found to vary strongly 
with grain size fraction. Vitrinite contents showed a variation from 60.3 for the small-
est up to 72.0 % for the largest fraction. Inertinite contents ranged from 38.7 to 22.6 
% and liptinite contents from 1.0 to 5.4 % (Table 4.1). Moisture contents were quite 
similar for the individual grain size fractions, whereas ash contents varied between 
10.4 % for the smallest and 4.3 % for the largest grain size fraction. 
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Table 4.1: Coal Samples used for high-pressure preferential sorption experiments. 
Sample Grain size (mm) VRr (%) 
Liptinite 
(%) 
Vitrinite 
(%) 
Inertinite 
(%) Ash (%) 
Moisture 
(%) 
Dutch Coals        
Joppe-1 IV <0.2 1.19 14 68 20 1.27 5.540 
Joppe-1 IX <0.2 1.56 1 68 31 0.81 24.90 
Argonne Coals        
Beulah-Zap <0.15 0.25 - - - 32.24 6.59 
Wyodak <0.15 0.32 <1 89 11 28.09 6.31 
Illinois #6 <0.15 0.46 5 85 10 7.97 14.25 
Upper Freeport <0.15 1.16 1 91 8 1.13 13.03 
Pocahontas #3 <0.15 1.68 1 89 10 0.65 4.74 
Silesian Coals        
Brzeszcze 405 LW 106 <0.2 0.74 10 74 16 1.44 13.58 
Brzeszcze 364 LW 105 <0.2 0.78 10 36 54 2.22 4.57 
Silesia 315 LW 155 <0.2 0.68 7 70 24 20.05 7.00 
Silesia 315 LW 155 <0.063 0.68 1 60.3 38.7 10.42 2.76 
Silesia 315 LW 155 0.063-0.177 0.68 2.9 64.5 32.6 8.62 2.57 
Silesia 315 LW 155 0.177-0.354 0.68 4.7 66.4 28.8 5.41 3.66 
Silesia 315 LW 155 0.354-0.707 0.68 4.9 68.2 26.9 4.66 3.63 
Silesia 315 LW 155 0.707-2 0.68 5.4 72 22.6 4.33 3.16 
4.4.3 Argonne Premium coals 
The Argonne Premium Coal Sample Programme consists of a selection of eight U.S. 
coals of different rank ranging from 0.25 up to 1.68 % VRr. The Pennsylvanian and 
Tertiary coals have been characterised comprehensively and have been used as 
standard and reference samples in numerous studies. The five coals used for this 
investigation have similar vitrinite contents, ranging from 85 to 91 % (Vorres, 1990). 
The maceral compositions of all five coals are very similar and dominated by vitrinite. 
Table 4.1 lists the Argonne Premium Coals used for gas adsorption measurements in 
this study and the pertaining coal petrographic information. Preferential sorption 
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measurements on these coals have already been published earlier (Busch et al., 
2003a) but will be used in this study for comparison reasons. 
4.5 Results 
The results of the sorption and desorption experiments with CO2/CH4 gas mixtures 
are presented in Figure 4.3 through Figure 4.8. The evaluation of the experimental 
data is based on GC/TCD peak area ratios (see section 2.3). This procedure was 
considered adequate and sufficient for a first qualitative approach aimed at a screen-
ing of different coal types and general verification of the phenomena observed. The 
GC/TCD peak area ratios may be converted into molar fractions using the TCD cali-
bration measurements performed between the individual experiments. However, 
several uncertainties led to the decision of using only the raw data. These uncertain-
ties include e.g. a possible non-linearity in the detector response over the large con-
centration ranges, an error in the volume of the micro volume sample valve as well 
as possible errors in mixed-gas equations of states, especially in the high-pressure 
range.  
The composition of the free gas phase after achieving equilibrium with the coal matrix 
is compared with the source-gas composition x(CO2). In the diagrams, the peak area 
ratios of the source gases used are shown as dotted lines. Generally, x(CO2) values 
lower than those of the source gas indicate depletion of the free (non-adsorbed) gas 
phase in CO2 while x(CO2) values above the dotted lines indicate an enrichment of 
the free gas phase with respect to the source gas. 
For the adsorption curves, x(CO2) values lower than the source gas composition, i.e. 
depletion of the free gas phase in CO2, represent preferential adsorption of CO2 from 
the gas mixture. In consequence, for the desorption curves x(CO2) values lower than 
those of the source gases (i.e. enrichment of the free gas phase in CH4) indicate 
preferential desorption of CH4 from the coal. This is the generally anticipated behav-
iour and considered a prerequisite for efficient CO2 deposition and CO2-enhanced 
CBM production from coal seams. 
4.5.1 Dutch Coals 
Gas adsorption on the two samples from the Achterhoek area in the Netherlands 
(Figure 4.3a,b) was measured in the moisture-equilibrated state. Unlike the experi-
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ments with the Silesian and the Argonne coals (see below), measurements were per-
formed with different source gas compositions to investigate the preferential sorption 
behaviour in relation to x(CO2). These compositions are around 0.4, 0.72, and 0.87 
x(CO2), respectively, for each of the two samples. To reduce the risk of systematic 
errors, the measurements were performed in a random sequence and reproducibility 
tests were performed to confirm the observed results. 
The composition of the free gas phase during the adsorption process is represented 
as a function of increasing gas pressure by solid symbols in Figure 4.3. It is obvious 
that the Joppe1-IV sample (Figure 4.3a) preferentially adsorbs CH4 up to 7 to 10 MPa 
throughout the three source-gas compositions and then switches to preferential ad-
sorption of CO2. In contrast, the Joppe1-IX sample (Figure 4.3b) adsorbs CO2 prefer-
entially over the entire pressure range. 
 
 
 
 
 
 
 
 
 
Figure 4.3: High-pressure 
mixed-gas preferential sorption 
measurements on two samples 
from The Netherlands meas-
ured in the moisture-
equilibrated state at 45°C. 
x(CO2) source gas = 0.41, 0.72 
and 0.87. a) Joppe 1-IV, b) 
Joppe 1-IX. 
 
a) 
b) 
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The findings described above indicate that the two samples show different preferen-
tial adsorption behaviour with respect to CH4 and CO2. This characteristic behaviour 
does not depend on the source gas compositions. Therefore, any kind of depend-
ency of the preferential adsorption behaviour can only be attributed to rank (1.19 % 
for Joppe-1 IV and 1.56 % VRr for Joppe1 IX) or to maceral compositions (liptinite 
and inertinite contents), which differ substantially for the two samples (Table 4.1). 
Both samples show the same preferential CO2-desorption trend (open symbols in 
Figure 4.3) for all three different source gas compositions. The trend is not very dis-
tinct down to about 7 MPa, but consistently shows an increase in the x(CO2) of the 
desorbed gas below this pressure. Therefore, it can be stated for these two samples 
that preferential desorption on moist coals is not related to vitrinite reflectance, differ-
ences in maceral composition, or source gas composition. 
4.5.2 Silesian Basin Coals 
Experiments on the samples from the Silesian Coal Basin were performed with 
source gas compositions between x(CO2) = 0.56 and 0.95 in the dry as well as in the 
moisture-equilibrated state. Results of sorption tests performed with the three sam-
ples are documented in Figure 4.4 through Figure 4.6. Differences in the sorption 
behaviour were observed between the three coals as well as between measurements 
performed on dry and moist coals. The most conspicuous difference in the preferen-
tial adsorption with respect to moisture content was found for the coal sample from 
the Silesia mine: The moist Silesia 315 LW 155 sample exhibits significant preferen-
tial adsorption of CH4 up to about 6 MPa and then switches to preferential CO2 ad-
sorption (Figure 4.4b) while the dry sample shows no fractionation for the first meas-
ured data point at about 2 MPa and then consistent preferential adsorption of CO2 
(Figure 4.4a). This observation could be due to competition of water and CO2 for 
specific sorption sites in the moist sample. The desorption trends of both experiments 
are similar and indicate only a very slight tendency for preferential desorption of CO2 
in the low-pressure range. 
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Figure 4.4: High-pressure 
mixed-gas preferential sorp-
tion measurements on Silesia 
315 LW 155 at 45°C. a) dry, 
x(CO2) source gas: 0.95, b) 
moist, x(CO2) source gas 
0.82. 
 
For the Brzeszcze 364 LW 155 coal sample, preferential desorption of CO2 is clearly 
evident over the complete pressure range for the dry, and even more dramatically for 
the moist sample. The preferential adsorption behaviour differs again, as for the Sile-
sia sample. While the moist Brzeszcze 364 LW 105 adsorbs CH4 preferentially up to 
about 3 MPa with an opposite trend for the high pressure range (Figure 4.5b), the dry 
sample shows preferential adsorption of CO2 over the entire pressure range (Figure 
4.5a). 
The dry and moist Brzeszcze 405 LW 106 samples show similar trends in their pref-
erential sorption behaviour (Figure 4.6): preferential adsorption of CO2 and no prefer-
ential desorption for either CO2 or CH4. However, the degree of the preferential CO2-
adsorption is much more distinct for the dry sample (Figure 4.6a). 
 
a) 
b) 
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Figure 4.5: High-pressure 
mixed-gas preferential sorption 
measurements on Brzeszcze 
364 LW 105 at 45°C. a) dry, 
x(CO2) source gas: 0.68, b) 
moist, x(CO2) source gas 0.68. 
 
When comparing the results for the three samples, it is difficult to detect any distinct 
relations between preferential sorption behaviour and maceral composition, rank, or 
moisture content. Although all three samples are high volatile bituminous coals, they 
show distinct differences in their sorption behaviour, which, therefore, cannot be at-
tributed to rank. However, there seems to be a regularity in the selective sorption be-
haviour with respect to moisture content. Although the preferential adsorption trend is 
not uniform throughout the sample set, moist coals tend towards a preferential ad-
sorption of CH4, or at least the tendency towards preferential CO2 adsorption is re-
duced. The maceral composition might be an influencing factor because the sample 
with the highest inertinite content (Brzeszcze 364 LW 105, Figure 4.5) shows the 
highest degree of preferential CO2 desorption within the sample set. All samples 
show either preferential desorption of CO2 or negligible fractionation in the desorption 
process. 
b) 
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Figure 4.6: High-pressure 
mixed-gas preferential sorp-
tion measurements on 
Brzeszcze 405 LW 106 at 
45°C. a) dry, x(CO2) source 
gas: 0.88, b) moist, x(CO2) 
source gas 0.56. 
 
4.5.3 Argonne Premium Coals 
The results of the preferential sorption tests on the five Argonne Premium Coals are 
shown in Figure 4.7 and have been published earlier in Busch et al (2003a).  
It is evident from these diagrams that distinct differences exist in the preferential 
CO2/CH4 sorption behaviour of the coal samples: The two highest rank coals (Penn-
sylvania Upper Freeport, VRr=1.16 % and Pocahontas #3, VRr=1.68 %, Table 4.1) 
measured at almost the same mixed-gas composition of 0.79 and 0.82, respectively, 
exhibit a preferential sorption behaviour “as expected” (Figure 4.7a,b): preferential 
adsorption of CO2 and preferential desorption of CH4. 
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Figure 4.7: High-pressure mixed-gas preferential sorption measurements on Argonne Premium Coals in the dry 
state at 45°C. a) Pocahontas #3, b) Upper Freeport, c) Illinois #6, d) Wyodak, e) Beulah-Zap. 
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It is evident from these diagrams that distinct differences exist in the preferential 
CO2/CH4 sorption behaviour of the coal samples: The two highest rank coals (Penn-
sylvania Upper Freeport, VRr=1.16 % and Pocahontas #3, VRr=1.68 %, Table 4.1) 
measured at almost the same mixed-gas composition of 0.79 and 0.82, respectively, 
exhibit a preferential sorption behaviour “as expected” (Figure 4.7a,b): preferential 
adsorption of CO2 and preferential desorption of CH4.  
In these two cases, the adsorption curves show the highest degree of preferential 
adsorption (fractionation) with respect to the source-gas in the low pressure range 
and approach the source gas composition at their final pressure values.  
The desorption process results in lesser deviations from source gas composition, 
while preferential desorption of CH4 increases with decreasing pressure. Preferential 
adsorption of CO2 and preferential desorption of CH4 are expressed much more 
strongly here for the sample with the higher maturity (Pocahontas #3, Figure 4.7a). 
The three lower rank Argonne coal samples (Illinois #6, Wyodak, North Dakota Beu-
lah-Zap; Figure 4.7c-e) exhibit preferential sorption behaviour phenomena contrast-
ing with the observations for the Pocahontas and the Upper Freeport coals. All three 
samples show preferential desorption of CO2, which is expressed most strongly for 
Illinois #6 and Wyodak samples (Figure 4.7c,d), and less strongly for the Beulah-Zap 
sample (Figure 4.7e). This phenomenon becomes even more obvious at lower pres-
sures. A characteristic difference can be observed for the adsorption process as well. 
Evidently, all three coals show, to some extent, preferential adsorption of CH4 at low 
pressures (between 2 and 4 MPa). 
4.5.4 Preferential sorption of different grain size fractions 
Figure 4.8 shows the results of mixed gas sorption tests on Silesia 315 LW 155 sam-
ple from the Silesian Basin in Poland at varying grain sizes, measured in the dry 
state at 45°C. All measurements were performed with the same source gas composi-
tion of x(CO2) about 0.82. Strong differences are observed in the magnitude of the 
preferential CO2 sorption following a clear trend with grain size. While the two largest 
grain-size fractions (707×2000 µm and 354×707 µm) show very similar preferential 
sorption behaviour, the smaller grain size fractions behave differently: The sample 
with a grain size fraction of 177×354 µm exhibits a trend comparable to the two larg-
est fractions but is shifted towards a stronger preferential adsorption of CO2. In con-
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trast, the two smallest grain size fractions (63×177 µm and < 63 µm) show a very 
strong preferential adsorption of CO2 at low pressures followed by a more moderate 
trend towards the final pressure value. 
Ash content and maceral analysis revealed significant compositional differences 
among the individual grain size fractions. With decreasing grain size, liptinite and 
vitrinite contents decrease, whereas inertinite and ash contents increase. This finding 
implies that the observed preferential sorption trends correlate with the maceral com-
positions and ash contents of the grain size fractions (Table 4.1). 
 
 
Figure 4.8: High-pressure 
mixed-gas preferential 
sorption measurements on 
Silesia coal sample at 
varying grain sizes in the dry 
state at 45°C. All samples 
were measured at the same 
source gas composition of 
x(CO2) = 0.82. 
 
4.6 Discussion 
Within the set of experimental measurements reported here substantial differences 
were observed with respect to the preferential sorption of CO2 and CH4 from gas mix-
tures by different coals. The elucidation of the controlling factors of the preferential 
sorption behaviour is an essential prerequisite for the design of underground CO2 
storage projects as well as ECBM processes in the future. 
4.6.1 Effect of maceral composition 
While many studies have been concerned with CH4 adsorption on coals of various 
rank and location (e.g. Lamberson and Bustin, 1993; Crosdale et al., 1998; Levy et 
al., 1997; Laxminarayana and Crosdale, 1999, 2002; Bustin and Clarkson, 1998; Et-
tinger et al., 1966; Ryan and Lane, 2002) as well as its dependence on maceral 
composition, investigations on the effect of maceral composition on the CO2 adsorp-
tion capacity are rare so far, especially under supercritical CO2 conditions (31°C, 7.38 
MPa), though some studies became recently available (e.g. Mastalerz et al., 2004). 
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Studies on Australian and Canadian coals have shown that maceral composition is 
an important control on CH4 adsorption, but the degree of influence is rank-
dependent (Lamberson and Bustin, 1993; Crosdale et al., 1998; Bustin and Clarkson, 
1998; Laxminarayana and Crosdale, 1999). Most of these studies concluded that 
vitrinite is the most important maceral favouring CH4 sorption on coal compared to 
similar-rank inertinite. However, investigations on Indian coals showed that the 
vitrinite content does not influence CH4 sorption capacities (Laxminarayana and 
Crosdale, 2002).  
Bustin and Clarkson (1998) demonstrated for coals from the USA, Canada, and Aus-
tralia that CH4 sorption capacities decrease with increasing inertinite and ash con-
tents and increase with increasing vitrinite contents for isorank coals. This might be 
due to higher surface areas and associated with these higher micropore capacities in 
vitrinites (e.g. Crosdale et al., 1998; Unsworth et al., 1989). One exception is the 
work by Ettinger et al. (1966) who documented for hand-picked macerals from the 
Donezk Basin, Ukraine, that inertinite exhibits higher sorption capacities for CH4 than 
for vitrinite. Busch et al. (2003a) analysed five different Argonne Premium Coals of 
various rank and similar maceral composition and found that sorption capacities vary 
strongly for CO2 and CH4 within this sample set. They concluded, supported by in-
vestigations of Prinz et al. (2001) on coals from the Ruhr Area, Germany, that CH4 
sorption capacity is influenced by rank rather than maceral composition. 
Mastalerz et al. (2004) found for high volatile bituminous coals from Indiana, USA, (at 
17°C and up to 2.8 MPa), that the CO2 sorption capacity is strongly positively corre-
lated with vitrinite content and only to a limited extent with inertinite content. Similar 
correlations between vitrinite and CH4 were weak for the selected samples. 
Ryan and Lane (2002) argue that inertinite may preferentially adsorb CO2 whereas 
vitrinite may preferentially adsorb CH4. Further they assume that CO2 may layer fill 
the larger pores in inertinite whereas CH4 may volume fill the smaller pores in 
vitrinite. In this context Unsworth et al. (1989) stated that CO2 surface interactions 
that occur in inertinites are larger than in vitrinites, which results in a greater affinity of 
CO2 towards inertinite. 
Can these observations be verified from the current study, i.e. does preferential ad-
sorption rather occur in samples with high inertinite contents? The two Dutch sam-
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ples show a stronger preferential adsorption of CO2 for the high inertinite content 
coal. The three different Polish samples show no specific trend with respect to ad-
sorption. However, there is a strong preferential CO2 desorption trend for the sample 
with the highest inertinite content (Brzeszcze 364) for both dry and moisture-
equilibrated coals. This leads to the assumption that inertinite might be a controlling 
factor of the preferential desorption process. 
The Argonne samples are similar in inertinite content but behave differently leading 
to the conclusion that either additional or other factors influence the preferential sorp-
tion behaviour.  
The measurements on the different grain sizes (Silesia 315 LW 155) show a clear 
tendency of increasing preferential CO2 sorption behaviour with increasing inertinite 
contents, but also ash content. Particle size might have another, yet unkonwn impact 
on the preferential sorption behaviour. 
In the literature, no detailed information has been found on any positive or negative 
influence of liptinite on the sorption capacity of either CO2 or CH4. The current study 
also does not warrant the conclusion that liptinite has any influence on either prefer-
ential sorption of CO2 or CH4. 
4.6.2 Effect of rank 
Various studies have attempted to establish correlations of CH4 sorption capacities 
with rank and pore-size distributions (e.g. Nodzenski, 1998; Laxminarayana and 
Crosdale, 1999, 2002; Levy et al., 1997). For the suite of coal samples investigated 
results demonstrate a dependency between CH4 sorption capacity and rank. Levy et 
al. (1997) found a clear positive relation between CH4 sorption capacities of moist 
coals with carbon content (dry ash-free basis), while results for dry samples did not 
show a clear trend because data were rather scatted and showed a sharp increase of 
sorption capacities above a carbon content of about 90 %. The behaviour of the 
moist coals was confirmed by Laxminarayana and Crosdale (2002), who reported a 
linear increase of CH4 sorption capacities with rank for high- to low-volatile moist In-
dian coals. In their study, dry coals showed a decrease in maximum CH4 sorption 
capacities with rank. However, in an earlier study on Australian coals, Laxminara-
yana and Crosdale (1999) demonstrated that CH4 adsorption capacities on dry coals 
display a “u”-shaped trend with rank exhibiting a minimum between 1.5 and 2.0 % Ro 
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max. Prinz (2004) as well as Gaschnitz (2000) also demonstrated, as described by 
Laxminarayana and Crosdale (1999), that dry coals exhibit a “u”-shaped trend for a 
suite of nine dry Pennsylvanian coals from the Ruhr Basin, Germany, measured at 
various temperatures. However, the same samples investigated in the moist state 
show a linear increase in CH4 sorption capacity from high volatile bituminous to semi-
anthracite rank.  
The initial decrease in CH4 capacities with rank may be attributed to the blocking of 
micropores by evolution of secondary hydrocarbons. During increasing coalification, 
the micropores are opening due to cracking of the oils and additional sorption capaci-
ties become available (e.g. Gan et al., 1972). However, this behaviour is assumed to 
occur rather in vitrinites due to the higher abundance of micropores compared to in-
ertinites. A similar “u”-shaped trend for CO2 sorption capacity was interpreted by Oz-
demir et al. (2004) for the Argonne Premium coals, ranging in rank from lignite to low 
volatile bituminous. 
Gluskoter et al. (2002) performed CO2 and CH4 adsorption studies on coals from the 
USA and reported strong correlations of CH4 sorption capacities with rank parame-
ters such as calorific values, moisture, and fixed carbon contents. CO2 sorption ca-
pacities, on the other hand, were found to be scattered rather randomly throughout 
rank ranges. 
A very important issue in this context has been posed by Larsen (2004) who investi-
gated the effect of CO2 dissolution (absorption) in coal polymeric structures. He con-
cluded that more CO2 dissolves in the membranes of coal constituents at low rank. 
CH4 is able to dissolve in the polymer structures as well but, compared to CO2, to a 
far lesser extent.  
Following these results and interpretations, tendencies towards preferential CO2 ad-
sorption should be highest for coal samples at low rank and smallest for medium to 
low volatile bituminous coals. However, such a trend is not supported by the current 
study. The low rank Silesian coals show both trends: preferential adsorption of CO2 
and CH4 (at low pressures). The Argonne coals document, by far, the largest degree 
of preferential adsorption of CO2 for the highest rank coals at low pressures.  
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4.6.3 Effect of source gas composition 
As shown in Figure 4.3, varying source gas compositions do not affect the general 
trend of the preferential adsorption and desorption behaviour and have only some 
influence on the magnitude of these trends. This indicates that preferential sorption is 
basically independent of CO2 or CH4 partial pressures. 
4.6.4 Effect of moisture 
Comparison of the results for the Silesian Basin coal samples shows that moisture 
tends to enhance the sorption of CH4 with respect to CO2 (Figure 4.4 to Figure 4.6). 
This observation suggests that CO2 rather than CH4 competes for sorption sites with 
water. The results of Clarkson and Bustin (2000) showed similar effects of a reduced 
preferential sorption of CO2 in the presence of water. Several studies have discussed 
the effect of moisture on the sorption capacity of CH4 and CO2 (e.g. Joubert et al. 
1974; Unsworth et al. 1989; Nishino, 2001). This is attributed to the affinity of both 
water and CO2 towards hydrophilic (e.g. hydroxylic, carbonylic, carboxylic) functional 
groups on the coal surface. These groups are more abundant in inertinite-rich coals 
than in vitrinite-rich coals of similar rank (e.g. Unsworth et al., 1989; Walker et al., 
1988; Nishino, 2001).  
This gives rise to the assumption that inertinite and moisture content are two control-
ling factors influencing the preferential adsorption behaviour of CO2/CH4 gas mix-
tures: Dry or low moisture coals with high inertinite content would then be suitable for 
the selective sorption of CO2 over CH4. High vitrinite contents in combination with 
complete water saturation would reduce the availability of preferential CO2 sorption 
sites. 
The preferential desorption trends for dry and moist samples were essentially the 
same for those samples where both measurements have been performed (Silesian 
Basin coals). Therefore, based on presently available evidence an impact of the 
presence of water on the preferential desorption behaviour can be dismissed. 
4.6.5 Effect of pressure 
The sorption behaviour of CO2 and CH4 on coals can be affected by pressure in vari-
ous ways. One important factor might be the critical pressure when a specific coal 
reaches gas saturation for either gas. Another important factor is the degree of coal 
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matrix swelling as a function of pressure and, in consequence of this, the blocking of 
pathways for certain gas molecules. This effect is assumed to have a larger impact 
on the sorption behaviour of CH4, compared to CO2. Following theories derived from 
the literature, this is due to the fact that the ability of CO2 to dissolve in coal is much 
bigger than that of CH4 (Larsen, 2004) and that CO2 exhibits a smaller kinetic diame-
ter than CH4 (e.g. Xu et al., 2003) and has therefore access to smaller pathways. 
Larsen (2004) has mentioned the impossibility of extrapolating from low- to high-
pressure studies of CO2 adsorption on coals with respect to subcritical versus super-
critical CO2. At low pressures, only minimal CO2 dissolution in the polymeric coal 
structure can be observed. However, theories on the solubility of CO2 in coal poly-
mers as well as the effect of molecule diameter on the accessibility to certain pore 
structures in the coal should be regarded as assumptions since they are based on 
theoretical considerations rather than experimental data, especially with respect to 
natural coals. 
In the current study, reversals of trends of preferential sorption behaviour with pres-
sure have been documented. Preferential adsorption of CH4, if observed, occurred 
only at low and intermediate pressures (up to about 7-10 MPa). The absence of pref-
erential CH4 adsorption at higher pressures may be due to early CH4 saturation in the 
coal or to limited access of CH4 to the coal structure. Single gas experiments on the 
Argonne coals (Busch et al., 2003a) have shown that at least the low rank Beulah-
Zap sample shows a continuous increase in CH4 sorption capacity with pressure (up 
to about 11.5 MPa) but a change in the preferential sorption behaviour from CH4 to-
wards CO2 at about 3.5 MPa in mixed-gas experiments. Therefore, the possibility of 
CH4 to gain only limited access to the coal structure in combination with higher disso-
lution rates of CO2 at elevated pressures (Larsen, 2004) seems to be realistic. 
Unfortunately, no applicable literature discussing the swelling behaviour of different 
coal macerals at different pressure ranges has been found. A systematic analysis of 
the CO2 swelling behaviour of specific coal macerals could provide further insight into 
this issue. 
4.7 Summary and Conclusions 
Ten coal samples of different composition and rank have been examined with re-
spect to preferential gas sorption from CH4/CO2 mixtures at high pressures (up to 23 
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MPa). They cover a range of vitrinite reflectance values from 0.25 to 1.68 % VRr. For 
each of the four sample-sets, attention was focused on different aspects: While the 
Dutch coals were measured only in the moisture-equilibrated state at different source 
gas compositions, the Argonne Premium coals were all measured in the dry state, 
and the Polish samples were measured in both, dry and moisture equilibrated states. 
For the measurements on the coal sample from the Silesia mine with different grain 
sizes, the focus was mainly on differences in maceral composition at the same rank. 
Qualitatively, preferential sorption of CH4 was observed clearly and reproducibly for 
certain coal samples in the low-pressure range. This indicates that preferential sorp-
tion of CO2 on coal cannot be taken for granted. The same holds for the desorption 
process where quite frequently preferential desorption of CO2 was observed. 
It is difficult to identify, at the present state of investigations, any general tendencies 
for parameters controlling the preferential sorption behaviour of coals. No immedi-
ately obvious dependencies appear to exist between characteristic coal properties 
(rank, maceral composition, moisture content) and the preferential adsorp-
tion/desorption behaviour for the sample set studied here. In summary, it can be 
stated for the Dutch-, Silesian- and Argonne coal samples that 
• the opposing preferential sorption behaviour observed for the two Dutch coal 
samples could be due to differences in either rank or maceral composition. 
Both samples showed very similar preferential desorption behaviour which 
seems to be unaffected by rank, maceral and source gas composition. 
• for the coals from the Silesian Basin in Poland clear differences in preferential 
sorption were identified between moist and dry samples indicating that mois-
ture in coals reduces CO2 selectivity over CH4. A clear preferential desorption 
trend was only observed for the high inertinite Brzeszcze 364 sample, meas-
ured in the dry and in the moist state. This gives rise to the assumption that 
inertinite also plays a major role in the preferential desorption behaviour. 
• for the Argonne Premium coal samples, due to their similarity in maceral com-
position, the investigations focused on the dependency of preferential sorption 
on rank. While the higher rank coals (1.16 and 1.68 % VRr) show an “as ex-
pected” preferential adsorption/desorption behaviour, this was not the case for 
the low rank coals which showed preferential adsorption of CH4 at low pres-
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sures and preferential desorption of CO2. Therefore, for this specific sample 
set, a tendency of increasing CO2 selectivity with increasing rank can be as-
sumed but needs to be verified throughout further studies. 
• the measurements on the different grain size fractions of the Silesia mine coal 
sample showed an obvious increase of selective CO2 sorption with decreasing 
grain sizes and increasing inertinite- and ash contents. 
At the current state of investigation on the preferential sorption behaviour of coals, 
some aspects controlling these processes can be excluded, some seem to affect the 
processes and others still need further investigation. These aspects can be summa-
rized as follows: 
• Preferential sorption behaviour is independent of the source gas composition, 
ranging between x(CO2) of about 0.4–0.9. 
• Preferential adsorption of CH4, when observed, occurs only in the lower pres-
sure range (up to about 8 MPa). 
• Preferential desorption shows the same tendency (preferential desorption of 
CH4 or CO2) over the entire pressure range. Besides this finding, no control on 
the preferential desorption behaviour has been found so far. 
• Moisture seems to reduce CO2 selectivity drastically since it appears to block 
CO2 sorption sites particularly in inertinites. 
• High inertinite contents providing a large abundance of hydrophilic and CO2 
favouring sorption sites are assumed to contribute to a high CO2 selectivity 
especially for low-moisture coals. 
• Pressure is one main driving force for the preferential adsorption of CO2. As 
mentioned by Larsen (2004), CO2 has a large ability to absorb (dissolve) in 
polymeric carbon structures at elevated pressures. This finding can be trans-
ferred to the phenomena observed in this study. If there is preferential adsorp-
tion of CH4, it only occurs at low pressures, which leads to the assumption that 
the dissolution of CO2 exceeds CH4 adsorption, resulting in preferential sorp-
tion of CO2. 
Generally, these findings are in disagreement with the literature on selective sorption 
from a CO2/CH4 gas mixture. The vast majority of published work on natural coals 
reports or assumes a higher sorption capacity for CO2 than for CH4 when looking at 
mixed gases. However, in these studies the usual approach was to model mixed-gas 
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adsorption phenomena based on single-gas sorption data. Crosdale (unpubl. data, 
presented at the 1999 CBM Symposium, Tuscaloosa, Alabama) already noted that 
these two processes are difficult to be linked to each other. 
This study could substantiate that the preferential sorption behaviour of coals from 
binary mixtures cannot easily be modeled based on single-gas experiments. The 
competition of CO2 and CH4 for a specific sorption site is a far more complex process 
than expected so far. It was shown that especially inertinite- and water content might 
have a crucial impact on the processes associated with this phenomenon. 
Further measurements should be performed to extend this data base and to obtain a 
better picture on the processes involved. 
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5 FINAL DISCUSSION 
Many aspects of the thermodynamic and kinetic processes occurring in coal seams 
are still not fully understood. Especially the complexity of studying the controls on 
CO2-storage and CH4-displacement in coal will occupy researchers dealing with labo-
ratory experiments and numerical simulation in the future.  
In this thesis an extensive data base on both, kinetic and thermodynamic experi-
ments has been presented and discussed. In total, about ten different coal samples, 
ranging in rank from 0.25 to 1.69 % VRr have been investigated. The samples are 
from Carboniferous deposits in Poland and The Netherlands as well as from different 
Tertiary and Carboniferous deposits in the USA. Analyses have been performed on 
either dry or moisture-equilibrated samples, respectively, at different temperatures 
(22, 32, and 45°C), different grain sizes (<63 µm to about 3000 µm), and with single 
component- (CO2, CH4) and mixed-gases (CO2/CH4). Pressures used were up to 
230 bar (23 MPa), covering in situ reservoir pressures for coal seams up to a depth 
of more than 2000 m. 
Furthermore, unpublished data comprise additional information on the sorption be-
haviour of Permian coal samples from the Sydney and Bowen Basins in Australia, 
Tertiary samples from Japan, Carboniferous samples from the Ruhr Basin, Germany, 
and Carboniferous coal samples from the Black Warrior Basin in the USA. So far un-
published as well are the high-pressure single-gas sorption experiments performed 
on the samples from the Upper Silesian Basin in Poland. 
5.1 Thermodynamics of gas sorption on coal 
5.1.1 Single component gases 
Generally, measurements and modeling of CH4-single-gas sorption isotherms are 
known to be a relatively straightforward and reliable technique, performed in CBM 
mining industry for years.  
However, due to the very heterogeneous nature of natural coals, it is difficult to as-
sess trends in CH4-sorption capacities for different coal samples of varying maturity, 
maceral composition, and location. The lack of trends makes predictions very uncer-
tain even within various positions in a coal seam. As discussed in chapter 4.6 and 
5 Final Discussion 
104 
shown in Figure 5.1, maximum excess sorption capacities for CH4 can vary from 0.5 
to 1 mmol/g coal, and very different isotherm-shapes are observed. 
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Figure 5.1. Unpublished CH4 excess sorption isotherms for selected coal samples from Poland, Germany and 
Japan. All measurements performed at 45°C. 
Major inconsistencies were encountered for CO2 sorption isotherms in terms of re-
producibility between different laboratories and methods. Especially medium- to low-
rank coal samples delivered poor reproducibility between different laboratories 
(Goodman et al., 2004). One reason might be the residual moisture content for dry 
coal measurements (Goodman et al., 2004), but another cause might be coal matrix 
swelling. These inconsistencies can be amplified for high-pressure sorption experi-
ments with supercritical CO2. Experimental data for these conditions are very rare so 
far.  
Some results by Busch et al. (unpubl. data, presented at the 2003 International 
Workshop on ECBM, Tokyo Japan) are presented in Figure 5.2: The CO2 adsorption 
isotherms for the moisture-equilibrated and the dry sample are bimodal with distinct 
minima in the 8-12 MPa range. For both instances the “excess sorption’’ takes nega-
tive values in this pressure interval. The phenomenon of “negative excess sorption 
capacities” for CO2 observed in this pressure range has been reported previously by 
Krooss et al. (2002) and is attributed to volumetric effects (coal matrix swelling). 
Since these results were quite unexpected, they have been verified by (I) duplicate 
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runs on the same experimental set-up and (II) reproducibility tests on a different ex-
perimental set-up. The results of these experiments support the correctness of the 
unexpected observations of negative CO2 excess sorption of powdered coal samples 
and essentially rule out experimental errors. The desorption isotherms recorded im-
mediately after the adsorption test tend to follow the adsorption isotherms down to 
the minimum value. Upon further pressure decrease, they deviate significantly from 
the adsorption curves showing consistently lower, negative excess sorption values. 
This type of negative hysteresis has apparently not been reported previously. It will 
be the subject of further investigations in future studies. 
One likely explanation for the fact that volumetric effects become very evident in the 
measurements reported here is the design of the experimental set-up. The device 
was constructed for low reference cell volume/void volume and low void vol-
ume/sample volume ratios in order to increase the amount of pressure data points 
and sensitivity. Thus, small variations in sample volume, e.g. due to swelling, will be 
reflected more strongly in the experimental results than in arrangements using small 
amounts of coal in comparatively large measuring cells. 
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Figure 5.2. CO2 excess sorption isotherms for Brzeszcze 405LW106 sample from the Silesian Basin in Poland. 
Closed symbols denote to adsorption experiments, open symbols to desorption experiments. All measurements 
performed at 45°C. 
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These findings demonstrate that coal swelling due to CO2-treatment is a very impor-
tant issue, especially for measurements performed on coal powders. The direct im-
plications of the swelling on sorption experiments are, so far, very poorly understood 
and should be subject to further investigation. However, there is increasing evidence 
of coal swelling on CO2-storage projects and coal seam permeabilities. Reeves 
(2002) showed that the permeability of a coal seam decreased by 99 % upon injec-
tion of CO2. This is an immense drawback and careful reservoir- and experimental 
evaluations should be performed in this context. 
5.1.2 Gas mixtures 
Like the single-gases, the thermodynamics of mixed-gas sorption presented in this 
thesis verified that many aspects of gas sorption on coal require further and more 
detailed investigations. The preferential sorption results, as described in chapters 2 
and 4, represent the first known systematic and experimental study on this phe-
nomenon published in literature and might have a large impact on ECBM processes. 
In reservoir simulation and reservoir modeling it is commonly assumed that gas mix-
tures behave in correspondence to their related single-gases. Since the single-gas 
sorption capacity is always higher for CO2 than for CH4 or N2, preferential sorption of 
CO2 is usually predicted by the extended Langmuir model (Langmuir, 1918). How-
ever, as shown and discussed in this study, this behaviour can not always be taken 
as granted and preferential adsorption of CH4 and preferential desorption of CO2 is a 
common finding.  
Unpublished selective sorption experiments with flue gases (74 % N2, 11 % CO2, 9 % 
H2, 3 % O2, and 3 % CH4) at 45°C and pressures up to 60 bar (6 MPa) on Brzeszcze 
405LW106 coal indicated this unexpected preferential adsorption behaviour as well: 
A depletion of the free gas phase with respect to CH4 was observed over the entire 
pressure range. Nitrogen showed this behaviour up to pressures of 15 bar (1.5 MPa). 
However, CO2 was found to be depleted in the free gas phase only above pressures 
of 15 bar (1.5 MPa), indicating preferential adsorption of CO2 only above 15 bar 
(1.5 MPa). Hydrogen and oxygen were strongly enriched in the free gas phase and 
therefore showed a low affinity to adsorb on the coal. 
However, the reasons for this behaviour are still not well understood. Chapter 4 
documents that water, present in the pore system, as well as inertinite affect the 
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preferential sorption behaviour and reduce the selectivity for CO2. Unfortunately, only 
very poor correlations between rank and maceral composition and the preferential 
sorption behaviour were retrieved so far. 
The implications on CO2-storage- and CBM-production estimates could be extensive. 
Conventional reservoir simulators, modeling ECBM processes, use the above men-
tioned idealised extended Langmuir approach. This approach might induce wrong 
CO2/CH4 exchange ratios in the coal and hence lead to over-estimations of CO2-
storage- and CBM production rates.  
5.2 Sorption kinetics 
The kinetics of gas sorption on coal, as discussed in chapter 3, determine the time-
scale of gas sorption- or displacement processes in coal. In many former studies this 
process has been regarded and modeled as a one-step process after Fick’s Law, 
assuming a homogenous coal matrix with homogenous pore-size distribution. Prinz 
(2004) studied the pore structure of coal with different experimental methods in detail 
and documented that the pore structure of coal is a research area of its own and 
characterised by a vast heterogeneity with maceral composition and coal rank. 
Therefore, to model experimental sorption kinetic data, a two-step process has been 
assumed, using two kinetic parameters and attributing different fractions of the total 
sorption capacity to these two kinetic parameters. Generally, the sorption/diffusion 
process in coal was subdivided into a fast and a slow sorption process, attributed to 
diffusive transport in the macro- and mesoporous and in the microporous system of 
the coal matrix, respectively. 
The qualitative and quantitative results presented in chapter 3 are considered to have 
substantial impact on the results of reservoir simulations. Implying a slow and a fast 
sorption process with a specific percentage of the total sorption capacity for either 
gas might change the results of a simulation run significantly. Figure 5.3 shows a 
comparison of simulation results performed with CO2. The simulation was designed 
to model a laboratory experiment as described in chapter 3.4.2., i.e. one grid block 
was defined as a measuring cell with an injection well, introducing the gas at a cer-
tain pressure. The pressure-vs.-time curves in Figure 5.3 represent the subsequent 
pressure equilibration simulated with the different parameters given in the diagram. 
For the individual simulations, different combinations of sorption times (τ) and differ-
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ent percentages of the total sorption capacity (φ) attributed to these different τ-values 
have been used. The differences in pressure decline curves are obvious, varying in 
equilibration times as well as in the steepness of the decline-curves.  
It is expected that this two-stage diffusion process into the coal matrix will substan-
tially improve the accuracy of reservoir simulations as well as the prediction of CO2-
storage rates. 
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Figure 5.3. CO2-simulation run with different kinetic parameters and different percentages of sorption capacity 
attributed to the two sorption kinetic processes. tau1 and tau2=slow and fast sorption step, respectively; phi1 and 
phi2= fraction of the total sorption capacity attributed to the slow and the fast sorption step, respectively. 
With respect to the application of the bidisperse coal matrix system to reservoir simu-
lation it was shown that with increasing grain-sizes, the calculated parameters tend to 
achieve constant values. This observation supports the concept of extrapolating or 
upscaling from small to large grain sizes, i.e. from the laboratory to the reservoir 
scale. However, this upscaling method does not yet take into account the complexity 
of coal systems like cleat mineralization or anisotropic stress. 
It was also shown that sorption rates for the slow adsorption/diffusion process de-
crease with increasing pressure for both gases, CO2 and CH4. This behaviour may 
be explained in terms of coal matrix swelling, i.e. blocking of certain path ways in the 
coal for gas transport and hence lowering the transport properties. Similar effects can 
be expected in a coal reservoir. 
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Another important observation was found in the kinetic measurements on moist 
coals. It was shown that water, present in the coal matrix, reduces sorption rates by a 
factor of 6-8 compared to dry coals. Water is always present to a certain extent in 
natural coals. Therefore, the systematic investigation of dry coal samples of different 
particle sizes is considered to be idealised. The impact of different water saturation 
levels in the coal on the sorption kinetics needs to be investigated in more detail in 
the future. 
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6 OUTLOOK AND RECOMMENDATIONS 
As already discussed in the previous chapter, several inconsistencies were encoun-
tered during the experimental studies related to this thesis. Especially from an ex-
perimental point of view, more data and systematic investigations are required to un-
derstand the thermodynamic and kinetic processes involved in gas sorption on coal 
in more detail. In the author’s opinion, accurate and systematic laboratory work is the 
basis of sophisticated numerical modeling and is therefore essential for a reasonable 
understanding of the processes occurring in coal seams with respect to CO2-storage 
and CO2-enhanced CBM recovery. The following list summarises the most important 
open questions and gives recommendations for future research: 
o Which coal properties control the CO2 and CH4 sorption capacities on coal? Is 
it possible to correlate results from different coal basins? 
o Which coal properties or P/T-conditions control the preferential adsorption 
and desorption phenomena observed in this thesis? 
o Which coal properties control the sorption kinetics in coal? What is the impact 
of cleat mineralization? 
o Which coal properties control the swelling of coal upon gas sorption? What 
are the implications of coal swelling to coal permeability and hence for future 
CO2-storage projects? 
o How does the chemistry of coal affect gas sorption on coal especially with re-
spect to preferential sorption and sorption capacity? 
o Can the direct injection of flue gases, without separation of CO2, be an option 
for storing CO2 in coal seams in the future? 
These are the six main questions that arose during the course of this thesis. Some of 
them have been dealt with, others had to be put aside due to limited capacities. Es-
pecially from an experimental point of view, this thesis contributes to a better under-
standing of some open questions but at the same time raised a set of new questions. 
The most straightforward sorption measurements are related to single-gas sorption 
capacities. Although practiced for many years, no clear correlations between maceral 
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composition or maturity and sorption capacity covering all coal basins in the world 
have been observed so far. 
Especially the results on the preferential sorption were unexpected and in contradic-
tion to general assumptions. The reason for this is the limited data base on this phe-
nomenon. For the future, it is recommended to investigate this phenomenon in detail, 
focusing on coal maturity, maceral composition, moisture content, and P/T-
conditions. Neither of these parameters could so far be excluded from the list of in-
fluential parameters. 
The sorption kinetic measurements performed for this study were performed on one 
single low-mature coal sample. Since it is expected that sorption rates decrease with 
increasing maturity (Busch, unpubl. data), a detailed investigation for higher rank 
coals is indispensable in order to apply this model to other coal ranks. It is recom-
mended to focus on the coal model by Lu et al. (2001) as a guideline, who explained 
the structure of the coal with an amorphous and a crystalline phase. As coal rank in-
creases, the crystalline phase increases. In this study, it was found that about 70-
80 % of the sorption capacity can be attributed to a fast sorption process, occurring in 
the meso- and macroporous structure. This is about the percentage of amorphous 
phase attributed to coal by Lu et al. (2002) for the coal rank investigated. It is as-
sumed that fractions of the fast and the slow sorption processes with respect to the 
total sorption capacity can be related to the amorphous and crystalline phases in 
coal. 
Coal swelling measurements, usually performed on coal cores by the use of strain 
gauges, have become increasingly available recently (e.g. Zutshi and Harpalani and 
Laxminarayana et al., unpubl. data, presented at the 2004 CBM Symposium, Tusca-
loosa, Alabama). Since the swelling of coal due to CO2 sorption is considered to af-
fect coal permeabilities tremendously, the factors controlling this behaviour need to 
be understood for a reasonable site evaluation for CO2 storage projects. 
The chemistry of coals is a topic that was researched in detail already decades ago 
(e.g. van Krevelen, 1953), and the influence of functional groups on the sorption of 
water has been discussed in detail as well (e.g. Unsworth et al., 1989; Walker et al., 
1988; Nishino, 2001). However, the implications of coal chemistry on the sorption 
capacity, coal swelling, or the preferential sorption of coal have not been addressed 
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in literature in great detail. It is therefore recommended to investigate this topic more 
accurately in the future. 
When dealing with CO2-storage in coal seams, it is usually considered injecting pure 
CO2. The separation of CO2 from flue gases involves significant technical and finan-
cial challenges, and the process is highly energy consuming, thus resulting in the 
production of additional CO2. It is recommended to investigate the feasibility of direct 
injection of flue gases in coal seams in more detail, since separation costs will be 
minimised. The main constituent of flue gas, nitrogen, has a relatively low affinity to 
adsorb on the coal surface and could be released into the atmosphere via a produc-
tion well. The coal seams or dispersed organic matter (or even mineral surfaces) with 
enhanced CO2-sorption affinity might be employed as geological filters for CO2.  
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Appendix A. Raw Data Chapter 2 
Adsorption measurements on dry Argonne Premium Coals, CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 
1.89 0.17 7.49 0.27 0.56 0.14 6.21 0.11 3.28 0.11 
4.43 0.29 17.82 0.41 1.47 0.26 12.90 0.18 6.80 0.19 
7.52 0.39 28.77 0.49 2.62 0.36 19.47 0.22 10.42 0.27 
10.98 0.47 39.54 0.54 3.98 0.46 25.86 0.26 14.05 0.33 
14.67 0.53 49.78 0.57 5.47 0.55 31.98 0.29 17.60 0.39 
18.40 0.58 59.34 0.59 7.06 0.62 37.82 0.31 21.06 0.44 
22.13 0.61 68.32 0.60 8.70 0.70 43.36 0.33 24.37 0.49 
25.76 0.64 76.51 0.61 10.37 0.76 48.61 0.35 27.57 0.53 
29.23 0.67 84.05 0.61 12.06 0.82 53.57 0.37 30.62 0.57 
32.58 0.69 90.93 0.61 13.76 0.88 58.24 0.38 33.49 0.60 
35.73 0.70 97.25 0.61 15.42 0.93 62.66 0.39 36.21 0.64 
38.67 0.72 102.91 0.61 17.07 0.98 66.78 0.40 38.74 0.67 
41.44 0.73 108.06 0.61 18.69 1.02 70.69 0.41 45.07 0.74 
44.00 0.74 112.66 0.61 20.26 1.06 74.32 0.42 51.02 0.81 
46.35 0.74 116.77 0.60 21.78 1.10 77.71 0.43 56.62 0.87 
48.51 0.75 120.43 0.60 23.26 1.14 80.88 0.43 61.90 0.92 
50.48 0.76 123.66 0.60 24.69 1.18 83.86 0.44 66.82 0.97 
52.27 0.76 126.43 0.60 26.05 1.21 86.59 0.44 71.39 1.02 
53.89 0.76 128.82 0.60 27.33 1.24 89.15 0.45 75.65 1.06 
55.31 0.77 130.83 0.60 28.58 1.27 91.52 0.45 79.60 1.10 
56.59 0.77 132.50 0.60 29.73 1.30 93.70 0.45 83.30 1.14 
57.74 0.77 133.82 0.60 30.83 1.32 95.65 0.46 86.70 1.17 
58.74 0.78 134.85 0.61 31.89 1.35 97.46 0.46 89.82 1.20 
59.60 0.78 135.60 0.61 32.90 1.37 99.12 0.46 92.70 1.23 
60.30 0.78 136.11 0.61 33.86 1.39 100.61 0.46 95.31 1.26 
60.93 0.78 136.46 0.61 34.77 1.41 101.94 0.47 97.68 1.28 
61.46 0.78 136.64 0.61 35.62 1.43 103.15 0.47 99.84 1.30 
61.89 0.78 136.72 0.62 36.43 1.45 104.22 0.47 101.78 1.32 
62.24 0.79 136.70 0.62 37.20 1.47 105.17 0.47 103.49 1.34 
62.53 0.79 136.66 0.62 37.92 1.49 105.98 0.47 105.02 1.35 
62.77 0.79 136.54 0.62 38.62 1.50 106.69 0.47 106.37 1.37 
62.99 0.79 136.40 0.63 39.28 1.52 107.28 0.48 107.54 1.38 
63.15 0.79 136.21 0.63 39.90 1.53 107.78 0.48 108.54 1.39 
63.30 0.79 136.00 0.63 40.46 1.54 108.21 0.48 109.38 1.40 
63.41 0.79   41.01 1.56 108.56 0.48 110.10 1.41 
63.50 0.79   41.54 1.57 108.83 0.48 110.67 1.42 
63.58 0.79   42.02 1.58 109.06 0.48 111.15 1.42 
63.65 0.79   42.48 1.59 109.26 0.48 111.54 1.43 
63.71 0.79   42.90 1.60 109.42 0.48 111.84 1.44 
63.76 0.80   43.30 1.61 109.54 0.48 112.08 1.44 
63.82 0.79   43.66 1.62 109.62 0.48 112.27 1.44 
63.86 0.80   44.02 1.63 109.68 0.48 112.43 1.45 
63.90 0.80   44.35 1.63 109.74 0.48 112.56 1.45 
63.94 0.80   44.66 1.64   112.64 1.46 
63.94 0.80   44.96 1.65   112.72 1.46 
63.95 0.80       112.75 1.46 
63.98 0.80         
63.97 0.80         
63.97 0.80         
63.97 0.80         
63.95 0.80         
63.95 0.80         
63.92 0.80         
63.89 0.80         
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Desorption measurements on dry Argonne Premium Coals, CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) 
47.62 0.80 96.42 0.84 38.13 1.53 88.80 0.50 87.92 1.25 
36.34 0.75 71.57 0.85 31.95 1.43 71.81 0.48 68.75 1.07 
27.68 0.71 53.20 0.84 26.66 1.33 58.03 0.46 53.82 0.92 
21.33 0.66 39.66 0.82 22.22 1.25 46.85 0.44 42.19 0.80 
16.66 0.62 29.76 0.79 18.59 1.16 37.79 0.41 33.15 0.70 
13.18 0.58 22.54 0.75 15.62 1.09 30.51 0.38 26.14 0.61 
10.59 0.54 17.31 0.72 13.20 1.02 24.66 0.36 20.72 0.53 
8.64 0.50 13.47 0.69 11.25 0.96 19.97 0.33 16.50 0.47 
7.15 0.47 10.64 0.65 9.63 0.91 16.21 0.31 13.22 0.41 
6.00 0.43 8.54 0.62 8.32 0.85 13.20 0.28 10.66 0.37 
5.09 0.41 6.96 0.59 7.23 0.81 10.80 0.26 8.64 0.33 
4.37 0.38 5.76 0.57 6.34 0.77 8.85 0.24 7.06 0.29 
3.78 0.36 4.83 0.54 5.58 0.73 7.30 0.22 5.81 0.26 
3.30 0.33 4.10 0.52 4.94 0.69 6.05 0.21 4.82 0.24 
2.91 0.31 2.54 0.54 4.40 0.66 5.01 0.19 4.00 0.21 
2.59 0.30 1.52 0.55 3.94 0.63 4.19 0.18 3.34 0.20 
2.30 0.28 1.38 0.54 3.55 0.60 3.50 0.17 2.82 0.18 
2.08 0.26 1.25 0.53 3.20 0.58 2.96 0.16 2.40 0.16 
1.89 0.25 1.15 0.52 2.91 0.56 2.50 0.15 2.05 0.15 
1.70 0.24 1.06 0.52 2.66 0.53 2.13 0.14 1.74 0.14 
1.57 0.23 0.98 0.51 2.43 0.52 1.82 0.13 1.50 0.13 
1.42 0.21 0.90 0.50 2.24 0.50 1.55 0.12 1.30 0.12 
1.31 0.20 0.83 0.50 2.05 0.48 1.33 0.12 1.14 0.12 
1.20 0.20 0.77 0.49 1.90 0.46 1.15 0.11 0.98 0.11 
1.12 0.19 0.72 0.49 1.76 0.45 1.01 0.11 0.86 0.11 
1.04 0.18 0.67 0.48 1.63 0.44 0.86 0.11 0.77 0.10 
0.96 0.17 0.64 0.48 1.52 0.42 0.75 0.10 0.67 0.10 
0.90 0.16 0.59 0.47 1.41 0.41 0.67 0.10 0.59 0.09 
0.85 0.16 0.56 0.47 1.33 0.40 0.59 0.10 0.53 0.09 
0.78 0.15 0.53 0.47 1.25 0.39 0.51 0.09 0.46 0.09 
0.74 0.14 0.50 0.46 1.17 0.38 0.45 0.09 0.42 0.08 
0.69 0.14 0.48 0.46 1.10 0.37 0.40 0.09 0.38 0.08 
0.66 0.13 0.43 0.46 1.04 0.36 0.37 0.09 0.35 0.08 
0.61 0.13 0.43 0.45 0.98 0.35 0.34 0.09 0.30 0.08 
0.58 0.12 0.40 0.45 0.93 0.34 0.29 0.08 0.27 0.07 
0.54 0.12 0.38 0.45 0.86 0.34 0.26 0.08 0.26 0.07 
0.51 0.12 0.37 0.45 0.82 0.33 0.24 0.08 0.22 0.07 
0.50 0.11 0.35 0.44 0.78 0.32 0.21 0.08 0.21 0.07 
0.46 0.11 0.34 0.44 0.74 0.32 0.19 0.08 0.18 0.07 
0.43 0.10 0.32 0.44 0.70 0.31 0.18 0.08 0.16 0.07 
0.42 0.10 0.29 0.44 0.67 0.30 0.16 0.08 0.14 0.07 
0.40 0.10 0.29 0.43 0.64 0.30 0.14 0.08 0.14 0.07 
0.38 0.10 0.27 0.43 0.62 0.29 0.13 0.08 0.13 0.06 
0.37 0.09 0.26 0.43 0.59 0.29 0.11 0.08 0.11 0.06 
0.35 0.09 0.26 0.43 0.58 0.28 0.11 0.08 0.10 0.06 
0.34 0.09 0.24 0.43 0.53 0.28 0.10 0.08 0.10 0.06 
0.32 0.08 0.24 0.43 0.53 0.27 0.10 0.08 0.10 0.06 
0.30 0.08 0.22 0.43 0.50 0.27 0.10 0.07 0.08 0.06 
0.30 0.08 0.21 0.42 0.48 0.27 0.08 0.08 0.08 0.06 
0.27 0.08 0.21 0.42 0.46 0.26 0.08 0.07 0.06 0.06 
0.27 0.08 0.21 0.42 0.45 0.26 0.06 0.07 0.06 0.06 
0.26 0.07 0.19 0.42 0.42 0.25 0.06 0.07 0.06 0.06 
0.24 0.07 0.18 0.42 0.40 0.25 0.06 0.07 0.05 0.06 
0.26 0.07 0.18 0.42 0.38 0.25 0.06 0.07 0.05 0.06 
0.24 0.07 0.18 0.42 0.38 0.24 0.05 0.07 0.05 0.06 
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Adsorption measurements on dry Argonne Premium Coals, CO2, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) 
0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
1.89 0.17 1.04 0.26 3.17 0.12 0.70 0.06 1.65 0.11 
4.43 0.29 1.87 0.36 6.96 0.20 1.57 0.10 3.73 0.19 
7.52 0.39 2.96 0.45 10.94 0.27 2.45 0.14 5.92 0.26 
10.98 0.47 4.29 0.52 15.01 0.32 3.54 0.18 8.13 0.32 
14.67 0.53 5.82 0.58 19.02 0.37 4.58 0.22 10.30 0.37 
18.40 0.58 7.50 0.64 22.98 0.41 5.55 0.25 12.42 0.42 
22.13 0.61 9.28 0.68 26.78 0.44 6.48 0.27 14.45 0.46 
25.76 0.64 11.12 0.72 33.26 0.49 8.34 0.32 16.40 0.50 
29.23 0.67 12.96 0.75 39.46 0.53 10.10 0.36 18.26 0.54 
32.58 0.69 14.80 0.78 45.36 0.56 11.81 0.40 20.05 0.57 
35.73 0.70 16.59 0.80 50.99 0.59 13.44 0.44 21.76 0.60 
38.67 0.72 18.34 0.82 56.30 0.62 15.01 0.47 23.42 0.63 
41.44 0.73 20.02 0.84 61.33 0.64 16.53 0.50 24.98 0.66 
44.00 0.74 21.65 0.85 66.03 0.66 17.98 0.53 26.43 0.68 
46.35 0.74 23.18 0.87 70.42 0.67 19.36 0.55 27.82 0.71 
48.51 0.75 24.67 0.88 74.54 0.68 20.69 0.57 29.15 0.73 
50.48 0.76 26.05 0.89 78.35 0.70 21.92 0.60 30.40 0.75 
52.27 0.76 27.36 0.89 81.95 0.71 23.14 0.62 31.58 0.76 
53.89 0.76 28.59 0.90 85.25 0.72 24.24 0.63 32.69 0.78 
55.31 0.77 29.76 0.91 88.32 0.72 25.33 0.65 33.74 0.80 
56.59 0.77 30.83 0.91 91.14 0.73 26.38 0.67 34.75 0.81 
57.74 0.77 31.84 0.92 93.70 0.74 27.36 0.68 35.68 0.83 
58.74 0.78 32.82 0.92 96.05 0.74 28.26 0.70 36.58 0.84 
59.60 0.78 33.92 0.93 98.18 0.74 29.10 0.71 37.39 0.85 
60.30 0.78 34.93 0.93 100.10 0.75 29.89 0.72 38.19 0.86 
60.93 0.78 35.86 0.93 101.79 0.75 30.62 0.73 38.93 0.88 
61.46 0.78 36.72 0.94 103.30 0.75 31.31 0.74 39.63 0.89 
61.89 0.78 37.52 0.94 104.64 0.76 31.98 0.75 40.29 0.90 
62.24 0.79 38.26 0.94 105.81 0.76 32.61 0.76 40.91 0.91 
62.53 0.79 38.94 0.95 106.82 0.76 33.17 0.77 41.50 0.91 
62.77 0.79 39.57 0.95 107.66 0.76 33.71 0.78 42.05 0.92 
62.99 0.79 40.19 0.95 108.37 0.76 34.22 0.79 42.56 0.93 
63.15 0.79 40.75 0.95 108.94 0.76 34.70 0.79 43.06 0.94 
63.30 0.79 41.28 0.95 109.42 0.76 35.20 0.80 43.50 0.94 
63.41 0.79 41.76 0.95 109.81 0.76 35.66 0.81 43.94 0.95 
63.50 0.79 42.19 0.96 110.11 0.77 36.08 0.81 44.34 0.96 
63.58 0.79 42.59 0.96 110.35 0.77 36.48 0.82 44.72 0.96 
63.65 0.79 42.96 0.96 110.54 0.77 36.82 0.82 45.07 0.97 
63.71 0.79 43.31 0.96 110.70 0.77 37.14 0.83 45.41 0.97 
63.76 0.80 43.60 0.96 110.82 0.77 37.46 0.83 45.73 0.98 
63.82 0.79 43.90 0.96 110.90 0.77 37.79 0.84 46.02 0.98 
63.86 0.80 44.16 0.96 110.96 0.77 38.08 0.84 46.29 0.99 
63.90 0.80 44.85 0.96 111.01 0.77 38.32 0.84 46.56 0.99 
63.94 0.80 45.01 0.96 111.06 0.77 38.58 0.85 46.78 0.99 
63.94 0.80 45.20 0.96 111.10 0.77 38.82 0.85 46.99 1.00 
63.95 0.80 45.31 0.96 111.12 0.77 38.98 0.85   
63.98 0.80 45.39 0.96 111.14 0.77 39.12 0.86   
63.97 0.80 46.10 0.96 111.14 0.77 39.30 0.86   
63.97 0.80 46.11 0.96 111.15 0.77 39.97 0.87   
63.97 0.80 46.10 0.96 111.15 0.77 40.06 0.87   
63.95 0.80 46.08 0.96 111.17 0.77 40.06 0.88   
63.95 0.80 46.05 0.96 111.17 0.77 40.11 0.88   
63.92 0.80 46.00 0.96 111.18 0.77 40.14 0.88   
63.89 0.80 47.76 0.96 111.18 0.77 40.16 0.88   
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Desorption measurements on dry Argonne Premium Coals, CO2, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) P (bar) V(mmol/g) 
38.48 1.27 41.92 0.99 86.56 0.72 33.49 0.85 40.13 0.93 
31.02 1.24 33.66 0.98 67.28 0.68 0.13 0.00 33.73 0.87 
24.88 1.20 26.74 0.95 52.53 0.62 18.45 0.00 28.11 0.80 
19.98 1.16 21.22 0.92 41.09 0.57 15.31 0.00 23.33 0.74 
16.19 1.11 16.94 0.88 32.27 0.52 12.77 0.00 19.33 0.68 
13.25 1.06 13.66 0.84 25.47 0.46 10.72 0.55 16.02 0.62 
10.96 1.01 11.15 0.80 20.22 0.42 0.08 0.00 13.31 0.57 
9.18 0.96 9.22 0.77 16.14 0.37 6.50 0.00 11.10 0.53 
7.79 0.92 7.73 0.73 12.98 0.34 5.63 0.00 9.31 0.48 
6.69 0.88 6.56 0.70 10.51 0.30 4.90 0.00 7.82 0.45 
5.79 0.84 5.63 0.67 8.58 0.27 4.27 0.36 6.62 0.41 
5.07 0.81 4.90 0.64 7.04 0.24 0.08 0.00 5.60 0.38 
4.50 0.78 4.29 0.61 5.81 0.22 2.86 0.00 4.77 0.36 
4.00 0.75 3.79 0.59 4.83 0.19 2.56 0.00 4.10 0.33 
3.60 0.72 3.39 0.57 4.05 0.18 2.29 0.00 3.52 0.31 
3.25 0.69 3.04 0.54 3.41 0.16 2.03 0.26 3.02 0.29 
2.96 0.67 2.75 0.53 2.88 0.14 0.06 0.00 2.64 0.27 
2.70 0.64 2.51 0.51 2.45 0.13 1.47 0.00 2.29 0.26 
2.48 0.62 2.29 0.49 2.08 0.12 1.34 0.00 2.02 0.24 
2.29 0.60 2.11 0.48 1.79 0.11 1.22 0.00 1.76 0.23 
2.13 0.59 1.95 0.46 1.54 0.10 1.12 0.20 1.55 0.22 
1.98 0.57 1.79 0.45 1.33 0.09 0.05 0.00 1.38 0.21 
1.86 0.55 1.68 0.43 1.15 0.09 0.83 0.00 1.22 0.20 
1.73 0.54 1.57 0.42 0.99 0.08 0.78 0.00 1.09 0.19 
1.63 0.52 1.47 0.41 0.86 0.07 0.72 0.00 0.98 0.19 
1.54 0.51 1.38 0.40 0.75 0.07 0.67 0.16 0.88 0.18 
1.44 0.49 1.30 0.39 0.66 0.07 0.03 0.00 0.78 0.17 
1.36 0.48 1.22 0.38 0.56 0.06 0.51 0.00 0.70 0.17 
1.28 0.47 1.15 0.37 0.50 0.06 0.48 0.00 0.64 0.16 
1.23 0.46 1.09 0.36 0.43 0.06 0.45 0.00 0.59 0.16 
1.17 0.45 1.04 0.36 0.37 0.05 0.43 0.14 0.53 0.15 
1.10 0.44 0.99 0.35 0.32 0.05 0.03 0.00 0.50 0.15 
1.06 0.43 0.94 0.34 0.27 0.05 0.34 0.00 0.45 0.15 
0.93 0.40 0.82 0.32 0.22 0.05 0.32 0.00 0.40 0.14 
0.88 0.39 0.78 0.31 0.21 0.05 0.30 0.00 0.37 0.14 
0.85 0.38 0.75 0.31 0.18 0.05 0.27 0.13 0.35 0.14 
0.82 0.38 0.72 0.30 0.14 0.05 0.02 0.00 0.32 0.13 
0.78 0.37 0.70 0.30 0.13 0.05 0.22 0.00 0.30 0.13 
0.75 0.36 0.67 0.29 0.10 0.05 0.22 0.00 0.27 0.13 
0.74 0.36 0.64 0.29 0.08 0.05 0.21 0.00 0.26 0.13 
0.70 0.35 0.62 0.28 0.06 0.05 0.19 0.12 0.24 0.13 
0.67 0.34 0.61 0.28 0.05 0.05 0.02 0.00 0.21 0.12 
0.61 0.33 0.53 0.27 0.03 0.05 0.16 0.00 0.19 0.12 
0.61 0.32 0.53 0.26 0.02 0.05 0.14 0.00 0.19 0.12 
0.58 0.31 0.51 0.26 0.02 0.05 0.14 0.00 0.18 0.12 
0.56 0.31 0.50 0.25 0.00 0.05 0.14 0.11 0.16 0.12 
0.50 0.29 0.43 0.24   0.00 0.00 0.16 0.12 
0.50 0.28 0.43 0.24     0.14 0.12 
0.46 0.28 0.42 0.24     0.13 0.11 
0.42 0.26 0.37 0.22     0.13 0.11 
0.40 0.26 0.35 0.22     0.11 0.11 
0.35 0.24 0.30 0.21     0.11 0.11 
0.34 0.23 0.29 0.20     0.11 0.11 
0.26 0.20 0.22 0.18     0.10 0.11 
0.24 0.20 0.22 0.18     0.10 0.11 
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Preferential adsorption measurements on dry Argonne Premium Coals, 
CO2/CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
14.20 0.61 9.65 0.62 10.50 0.85 13.93 0.23 16.13 0.92 
30.40 0.63 21.88 0.62 21.83 0.80 26.25 0.09 30.25 0.91 
44.88 0.64 33.00 0.66 31.98 0.82 37.33 0.13 42.38 0.89 
57.23 0.64 42.75 0.68 40.93 0.82 47.25 0.14 52.73 0.88 
66.25 0.66 51.25 0.70 48.70 0.83 56.18 0.14 60.28 0.88 
75.28 0.74 58.60 0.72 55.58 0.83 64.13 0.14 67.90 0.89 
82.93 0.75 64.95 0.73 61.53 0.83 71.33 0.14 74.48 0.89 
89.50 0.75 70.50 0.74 66.80 0.84 77.78 0.15 80.10 0.89 
95.28 0.76 75.35 0.75 71.43 0.84 83.60 0.15 85.00 0.89 
98.65 0.76 79.58 0.75 75.50 0.84 88.78 0.15 87.85 0.88 
103.38 0.76 83.30 0.76 79.15 0.84 93.48 0.15 91.75 0.89 
107.68 0.78 86.65 0.77 82.38 0.84 97.68 0.16 95.25 0.90 
111.68 0.79 89.60 0.77 85.28 0.84 101.43 0.16 98.35 0.89 
115.40 0.79 92.25 0.77 87.88 0.84 104.73 0.16 101.18 0.89 
116.95 0.79 94.68 0.77 90.25 0.84 107.70 0.16 102.23 0.89 
120.45 0.79 96.83 0.77 92.35 0.84 110.30 0.16 104.68 0.89 
123.88 0.79 98.83 0.77 94.30 0.84 112.65 0.16 106.90 0.89 
127.23 0.80 100.60 0.78 96.05 0.84 114.68 0.16 109.00 0.89 
130.55 0.80 102.25 0.78 97.70 0.84 116.43 0.16 110.93 0.89 
131.05 0.81 103.75 0.78 99.15 0.85 117.95 0.17 111.08 0.89 
134.33 0.80 105.13 0.78 100.48 0.85 119.25 0.17 112.85 0.89 
137.63 0.81 106.35 0.78 101.73 0.85 120.35 0.17 114.48 0.89 
140.88 0.81 107.45 0.78 102.83 0.85 121.25 0.17 116.05 0.89 
144.20 0.81 108.55 0.78 103.88 0.85 122.03 0.17 117.53 0.89 
143.58 0.81 109.53 0.78 104.83 0.85 122.60 0.17 117.03 0.89 
146.88 0.81 110.43 0.78 105.70 0.85 123.03 0.17 118.35 0.89 
150.15 0.81 111.25 0.78 106.53 0.85 123.33 0.17 119.63 0.89 
153.38 0.81 112.00 0.78 107.28 0.85 123.53 0.17 120.83 0.89 
156.58 0.82 112.70 0.78 107.95 0.85 123.60 0.17 121.95 0.89 
154.60 0.81 113.33 0.78 108.60 0.85 123.60 0.17 120.93 0.89 
157.85 0.82 113.93 0.78 109.20 0.85 119.93 0.17 122.00 0.89 
160.98 0.82 114.48 0.78 109.78 0.85 122.63 0.17 122.95 0.89 
164.00 0.82 114.98 0.78 110.25 0.85 119.33 0.18 123.83 0.90 
167.03 0.82 115.45 0.78 110.68 0.85   124.68 0.89 
163.45 0.82 115.85 0.78 111.13 0.85   123.28 0.89 
166.50 0.82 116.25 0.78 111.53 0.85   124.08 0.90 
169.38 0.82 116.65 0.78 111.88 0.85   124.78 0.89 
172.13 0.82 116.95 0.78 112.20 0.85   125.43 0.89 
174.75 0.82 117.28 0.78 112.53 0.85   126.00 0.89 
169.90 0.82 117.55 0.78 112.80 0.85   124.30 0.89 
172.63 0.82 117.78 0.78 113.05 0.85   124.88 0.89 
175.23 0.82       125.38 0.89 
177.63 0.82       125.80 0.89 
179.85 0.82       126.20 0.89 
173.95 0.82       124.30 0.89 
176.53 0.82       124.70 0.90 
178.80 0.83       125.05 0.90 
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Preferential desorption measurements on dry Argonne Premium Coals, 
CO2/CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
173.03 0.83 115.73 0.78 111.05 0.85 116.15 0.18 123.05 0.90 
166.45 0.82 113.70 0.78 107.35 0.85 113.05 0.18 121.03 0.89 
160.45 0.82 111.75 0.78 103.75 0.85 110.03 0.18 119.08 0.89 
155.15 0.83 109.80 0.78 100.25 0.85 107.10 0.18 117.25 0.90 
150.48 0.82 107.93 0.78 96.83 0.85 104.25 0.18 115.50 0.90 
146.25 0.82 106.05 0.78 93.50 0.85 101.48 0.18 113.80 0.90 
142.50 0.82 104.23 0.78 90.18 0.85 98.78 0.18 112.13 0.90 
139.05 0.83 102.43 0.78 86.95 0.85 96.18 0.18 110.53 0.90 
135.88 0.82 100.63 0.78 83.78 0.85 93.63 0.18 108.95 0.90 
132.93 0.82 98.85 0.78 80.63 0.85 91.13 0.18 105.83 0.90 
130.20 0.82 97.10 0.78 77.58 0.85 88.73 0.18 104.35 0.90 
127.60 0.82 95.38 0.78 74.55 0.85 86.35 0.18 102.85 0.90 
125.15 0.82 93.63 0.78 71.60 0.86 84.05 0.18 101.38 0.89 
122.88 0.82 91.95 0.78 68.70 0.86 81.83 0.19 99.93 0.90 
120.63 0.82 90.25 0.78 65.90 0.86 79.63 0.19 97.03 0.90 
118.53 0.82 88.58 0.78 63.13 0.86 77.53 0.19 95.58 0.89 
116.48 0.82 86.93 0.78 60.45 0.86 75.43 0.19 94.20 0.90 
114.45 0.82 85.28 0.78 57.85 0.86 73.43 0.19 92.78 0.90 
110.65 0.82 82.00 0.78 52.88 0.86 69.55 0.19 87.15 0.90 
108.78 0.81 80.43 0.78 50.53 0.86 67.68 0.19 84.38 0.90 
106.95 0.82 78.83 0.78 48.23 0.86 65.88 0.19 82.98 0.90 
105.18 0.82 77.25 0.77 46.00 0.86 64.10 0.19 81.58 0.90 
103.40 0.82 75.70 0.77 43.90 0.86 62.38 0.19 80.20 0.90 
98.23 0.81 74.18 0.77 41.83 0.86 60.68 0.19 78.83 0.90 
96.53 0.81 72.63 0.77 39.85 0.86 59.05 0.19 77.45 0.90 
94.80 0.81 71.13 0.77 37.95 0.86 57.45 0.20 76.10 0.90 
93.15 0.81 69.63 0.77 36.15 0.87 55.88 0.20 74.75 0.90 
91.45 0.81 68.18 0.77 34.40 0.87 54.38 0.20 73.40 0.90 
86.53 0.81 66.73 0.77 32.70 0.87 52.90 0.20 72.05 0.90 
83.30 0.81 65.28 0.76 29.58 0.87 51.45 0.20 70.75 0.90 
81.70 0.81 63.88 0.76 28.10 0.87 50.05 0.20 69.43 0.90 
78.53 0.81 62.48 0.76 26.73 0.87 48.70 0.20 68.10 0.91 
76.95 0.81 61.10 0.76 25.38 0.87 47.38 0.20 65.58 0.90 
75.40 0.81 59.75 0.76 23.48 0.87 46.05 0.20 63.03 0.90 
73.85 0.80 58.40 0.76 22.30 0.87 44.80 0.20 61.83 0.90 
72.35 0.80 57.08 0.76 21.15 0.87 43.58 0.20 60.58 0.90 
70.83 0.80 55.80 0.76 20.08 0.87 42.38 0.21 59.38 0.91 
69.35 0.80 54.53 0.76 19.05 0.87 41.20 0.21 57.00 0.90 
67.85 0.80 53.25 0.76 17.13 0.88 40.08 0.21 55.83 0.91 
66.40 0.80 52.03 0.75 16.23 0.88 38.98 0.21 51.30 0.91 
64.95 0.79 50.83 0.75 14.58 0.87   50.23 0.91 
63.55 0.80 49.65 0.75 13.80 0.88   49.15 0.91 
62.15 0.80 48.45 0.75 13.05 0.88   48.08 0.91 
60.80 0.79 47.30 0.75 12.38 0.89   47.03 0.91 
58.08 0.79 46.20 0.75 11.70 0.88   46.00 0.91 
56.75 0.79 32.28 0.75 10.48 0.89   45.03 0.91 
52.95 0.79   9.90 0.88   44.03 0.91 
50.48 0.78   9.38 0.88   43.05 0.91 
48.10 0.77   8.85 0.88   41.18 0.91 
44.73 0.78   8.35 0.88   39.33 0.91 
43.63 0.77   7.90 0.90   38.45 0.91 
42.58 0.77   7.45 0.88   36.70 0.90 
41.53 0.77   6.25 0.90   35.88 0.91 
40.50 0.77   5.90 0.89   35.03 0.91 
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Appendix B. Raw Data Chapter 3 
Sorption/diffusion measurements on Silesia Coal, CH4, 45°C, dry (Figure 3.2 A). 
CH4; grain size ~3mm; Pini=33.80 bar CH4; grain size 0.707-2.00 mm; Pini=25.35 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.00 33.80 1.00 3.60 31.28 0.04 0.01 25.35 1.00 2.49 15.80 0.03 
0.02 32.95 0.68 3.62 31.28 0.04 0.03 21.78 0.64 2.51 15.80 0.03 
0.04 32.70 0.58 3.75 31.28 0.04 0.05 20.83 0.54 2.53 15.80 0.03 
0.06 32.55 0.52 3.77 31.28 0.04 0.07 20.25 0.48 2.64 15.78 0.03 
0.08 32.45 0.49 3.91 31.25 0.03 0.09 19.85 0.44 2.66 15.78 0.03 
0.10 32.38 0.46 3.93 31.28 0.04 0.11 19.53 0.41 2.98 15.70 0.02 
0.12 32.30 0.43 4.07 31.25 0.03 0.13 19.25 0.38 3.11 15.70 0.02 
0.14 32.25 0.41 4.09 31.25 0.03 0.15 19.03 0.36 3.27 15.68 0.02 
0.16 32.20 0.39 4.22 31.25 0.03 0.17 18.85 0.34 3.44 15.65 0.02 
0.18 32.18 0.38 4.24 31.25 0.03 0.19 18.68 0.32 3.60 15.63 0.02 
0.31 31.95 0.30 4.38 31.25 0.03 0.30 17.98 0.25 3.62 15.63 0.02 
0.33 31.93 0.29 4.40 31.25 0.03 0.32 17.90 0.25 3.78 15.63 0.02 
0.47 31.78 0.23 4.53 31.23 0.02 0.34 17.80 0.24 3.89 15.60 0.01 
0.49 31.80 0.24 4.55 31.25 0.03 0.46 17.40 0.19 3.93 15.63 0.02 
0.63 31.73 0.21 4.69 31.23 0.02 0.48 17.35 0.19 4.05 15.60 0.01 
0.65 31.70 0.20 4.71 31.23 0.02 0.50 17.30 0.18 4.07 15.60 0.01 
0.78 31.63 0.17 4.85 31.25 0.03 0.62 17.05 0.16 4.09 15.60 0.01 
0.80 31.63 0.17 4.87 31.23 0.02 0.64 17.03 0.16 4.20 15.58 0.01 
0.94 31.58 0.15 5.00 31.20 0.01 0.66 17.00 0.15 4.22 15.60 0.01 
0.96 31.58 0.15 5.02 31.23 0.02 0.77 16.78 0.13 4.24 15.58 0.01 
1.10 31.55 0.14 5.16 31.23 0.02 0.79 16.75 0.13 4.36 15.58 0.01 
1.12 31.55 0.14 5.18 31.23 0.02 0.81 16.75 0.13 4.38 15.58 0.01 
1.25 31.50 0.12 5.32 31.23 0.02 0.93 16.58 0.11 4.40 15.58 0.01 
1.27 31.50 0.12 5.33 31.23 0.02 0.95 16.58 0.11 4.52 15.58 0.01 
1.41 31.48 0.11 5.47 31.23 0.02 0.97 16.55 0.11 4.54 15.58 0.01 
1.43 31.48 0.11 5.49 31.23 0.02 1.08 16.45 0.10 4.56 15.58 0.01 
1.56 31.45 0.10 5.63 31.23 0.02 1.10 16.43 0.10 4.67 15.55 0.01 
1.58 31.45 0.10 5.65 31.23 0.02 1.12 16.40 0.09 4.69 15.55 0.01 
1.72 31.43 0.10 5.78 31.23 0.02 1.24 16.30 0.08 4.71 15.55 0.01 
1.74 31.40 0.09 5.80 31.23 0.02 1.26 16.28 0.08 4.83 15.55 0.01 
1.88 31.40 0.09 5.94 31.20 0.01 1.28 16.28 0.08 4.85 15.58 0.01 
1.89 31.40 0.09 5.96 31.20 0.01 1.40 16.20 0.07 4.87 15.55 0.01 
2.03 31.38 0.08 6.09 31.20 0.01 1.42 16.18 0.07 4.98 15.55 0.01 
2.05 31.38 0.08 6.11 31.20 0.01 1.44 16.20 0.07 5.00 15.55 0.01 
2.19 31.38 0.08 6.27 31.20 0.01 1.55 16.13 0.07 5.02 15.55 0.01 
2.21 31.38 0.08 6.41 31.20 0.01 1.57 16.10 0.06 5.14 15.53 0.01 
2.34 31.35 0.07 6.56 31.20 0.01 1.59 16.08 0.06 5.16 15.55 0.01 
2.36 31.35 0.07 6.58 31.20 0.01 1.71 16.05 0.06 5.18 15.53 0.01 
2.50 31.33 0.06 6.74 31.20 0.01 1.73 16.05 0.06 5.30 15.55 0.01 
2.52 31.33 0.06 6.87 31.20 0.01 1.75 16.03 0.06 5.32 15.53 0.01 
2.66 31.35 0.07 6.89 31.20 0.01 1.86 16.00 0.05 5.34 15.53 0.01 
2.68 31.33 0.06 7.03 31.18 0.00 1.88 15.98 0.05 5.45 15.55 0.01 
2.81 31.30 0.05 7.05 31.18 0.00 1.90 15.98 0.05 5.47 15.53 0.01 
2.83 31.33 0.06 7.19 31.18 0.00 2.02 15.93 0.05 5.49 15.53 0.01 
2.97 31.30 0.05 7.21 31.20 0.01 2.04 15.93 0.05 5.61 15.53 0.01 
2.99 31.30 0.05 7.36 31.20 0.01 2.06 15.93 0.05 5.63 15.53 0.01 
3.13 31.30 0.05 7.52 31.20 0.01 2.18 15.88 0.04 5.65 15.53 0.01 
3.15 31.30 0.05 7.65 31.20 0.01 2.20 15.88 0.04 5.78 15.53 0.01 
3.28 31.30 0.05 7.81 31.20 0.01 2.22 15.85 0.04 5.80 15.53 0.01 
3.30 31.28 0.04 7.83 31.20 0.01 2.33 15.83 0.04 5.94 15.53 0.01 
3.44 31.28 0.04 7.97 31.18 0.00 2.35 15.83 0.04 5.96 15.53 0.01 
3.46 31.28 0.04 7.99 31.18 0.00 2.37 15.83 0.04 6.10 15.53 0.01 
 
Appendix B: Raw Data Chapter 3 
129 
Sorption/diffusion measurements on Silesia Coal, CH4, 45°C, dry (Figure 3.2 A) 
continued… 
CH4; grain size 0.354-0.707 mm; Pini=32.25 bar CH4; grain size 0.177-0.354 mm; Pini=39.55 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.00 32.25 1.00 2.40 27.38 0.04 0.00 39.55 1.00 3.49 34.88 0.01 
0.02 30.35 0.63 2.48 27.38 0.04 0.02 37.53 0.57 3.61 34.90 0.02 
0.04 29.85 0.53 2.52 27.38 0.04 0.04 37.05 0.47 3.65 34.88 0.01 
0.06 29.58 0.47 2.56 27.35 0.03 0.06 36.78 0.41 3.77 34.88 0.01 
0.08 29.38 0.43 2.64 27.38 0.04 0.08 36.58 0.37 3.81 34.88 0.01 
0.10 29.20 0.40 2.67 27.38 0.04 0.10 36.43 0.34 3.92 34.88 0.01 
0.12 29.08 0.37 2.71 27.35 0.03 0.12 36.33 0.32 3.96 34.88 0.01 
0.14 28.95 0.35 2.79 27.35 0.03 0.14 36.23 0.30 4.08 34.88 0.01 
0.16 28.85 0.33 2.83 27.33 0.03 0.16 36.13 0.28 4.12 34.88 0.01 
0.18 28.78 0.32 2.87 27.35 0.03 0.18 36.05 0.26 4.23 34.88 0.01 
0.22 28.63 0.29 2.95 27.33 0.03 0.22 35.95 0.24 4.27 34.88 0.01 
0.30 28.43 0.25 2.99 27.33 0.03 0.33 35.68 0.18 4.39 34.88 0.01 
0.33 28.33 0.23 3.03 27.33 0.03 0.37 35.60 0.16 4.43 34.88 0.01 
0.37 28.28 0.22 3.10 27.30 0.02 0.49 35.45 0.13 4.55 34.88 0.01 
0.45 28.15 0.19 3.14 27.30 0.02 0.53 35.40 0.12 4.59 34.85 0.01 
0.49 28.10 0.18 3.18 27.33 0.03 0.65 35.30 0.10 4.70 34.85 0.01 
0.53 28.08 0.18 3.26 27.30 0.02 0.69 35.28 0.10 4.74 34.88 0.01 
0.61 27.98 0.16 3.30 27.30 0.02 0.80 35.23 0.08 4.86 34.88 0.01 
0.65 27.95 0.15 3.34 27.30 0.02 0.84 35.20 0.08 4.90 34.88 0.01 
0.69 27.90 0.14 3.42 27.30 0.02 0.96 35.15 0.07 5.01 34.85 0.01 
0.76 27.85 0.13 3.45 27.28 0.02 1.00 35.13 0.06 5.05 34.85 0.01 
0.80 27.83 0.13 3.49 27.28 0.02 1.12 35.10 0.06 5.17 34.85 0.01 
0.84 27.80 0.12 3.57 27.28 0.02 1.15 35.10 0.06 5.21 34.85 0.01 
0.92 27.75 0.11 3.61 27.28 0.02 1.27 35.08 0.05 5.33 34.85 0.01 
0.96 27.75 0.11 3.65 27.28 0.02 1.31 35.08 0.05 5.37 34.85 0.01 
1.00 27.73 0.11 3.73 27.28 0.02 1.43 35.03 0.04 5.48 34.85 0.01 
1.08 27.68 0.10 3.77 27.28 0.02 1.47 35.03 0.04 5.52 34.85 0.01 
1.11 27.65 0.09 3.81 27.28 0.02 1.58 35.03 0.04 5.64 34.85 0.01 
1.15 27.65 0.09 4.04 27.25 0.01 1.62 35.00 0.04 5.68 34.85 0.01 
1.23 27.63 0.09 4.12 27.25 0.01 1.74 34.98 0.03 5.79 34.88 0.01 
1.27 27.60 0.08 4.23 27.25 0.01 1.78 34.98 0.03 5.83 34.85 0.01 
1.31 27.60 0.08 4.39 27.25 0.01 1.90 34.98 0.03 5.95 34.85 0.01 
1.39 27.58 0.08 4.55 27.25 0.01 1.93 34.95 0.03 5.99 34.85 0.01 
1.43 27.55 0.07 4.59 27.25 0.01 2.05 34.98 0.03 6.11 34.85 0.01 
1.47 27.58 0.08 4.82 27.23 0.01 2.09 34.95 0.03 6.15 34.85 0.01 
1.54 27.53 0.07 4.86 27.23 0.01 2.21 34.95 0.03 6.26 34.85 0.01 
1.58 27.53 0.07 4.90 27.23 0.01 2.25 34.95 0.03 6.30 34.85 0.01 
1.62 27.50 0.06 5.05 27.23 0.01 2.36 34.93 0.02 6.42 34.85 0.01 
1.70 27.50 0.06 5.13 27.23 0.01 2.40 34.93 0.02 6.46 34.85 0.01 
1.74 27.48 0.06 5.17 27.23 0.01 2.52 34.95 0.03 6.57 34.85 0.01 
1.78 27.48 0.06 5.21 27.23 0.01 2.56 34.93 0.02 6.61 34.83 0.00 
1.86 27.48 0.06 5.33 27.20 0.00 2.68 34.93 0.02    
1.89 27.48 0.06 5.36 27.23 0.01 2.71 34.93 0.02    
1.93 27.48 0.06 5.44 27.20 0.00 2.83 34.90 0.02    
2.01 27.43 0.05 5.48 27.23 0.01 2.87 34.93 0.02    
2.05 27.43 0.05 5.60 27.20 0.00 2.99 34.90 0.02    
2.09 27.43 0.05 5.64 27.20 0.00 3.03 34.90 0.02    
2.17 27.40 0.04 5.68 27.20 0.00 3.14 34.90 0.02    
2.21 27.40 0.04 5.75 27.23 0.01 3.18 34.90 0.02    
2.25 27.40 0.04 5.83 27.20 0.00 3.30 34.90 0.02    
2.32 27.40 0.04 5.91 27.20 0.00 3.34 34.90 0.02    
2.36 27.38 0.04 5.99 27.20 0.00 3.45 34.90 0.02    
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Sorption/diffusion measurements on Silesia Coal, CH4, 45°C, dry (Figure 3.2 A) 
continued… 
CH4; grain size 0.063-0.177 mm; Pini=44.00 bar CH4; gr. si. <0.063 mm; Pini=33.83 bar 
T (h) P (bar) QRes(t) T (h) P (bar) QRes(t) T (h) P (bar) QRes(t)   
0.00 44.00 1.00 1.86 42.10 0.03 0.00 33.83 1.00  
0.02 42.85 0.41 1.90 42.10 0.03 0.02 32.08 0.49  
0.04 42.60 0.28 1.93 42.10 0.03 0.04 31.73 0.39  
0.06 42.50 0.23 1.97 42.10 0.03 0.06 31.53 0.33  
0.08 42.45 0.21 2.01 42.10 0.03 0.08 31.35 0.28  
0.10 42.43 0.19 2.05 42.10 0.03 0.10 31.23 0.24  
0.12 42.40 0.18 2.09 42.10 0.03 0.12 31.13 0.21  
0.14 42.35 0.15 2.13 42.10 0.03 0.14 31.05 0.19  
0.16 42.35 0.15 2.17 42.10 0.03 0.16 30.98 0.17  
0.18 42.33 0.14 2.21 42.08 0.01 0.18 30.90 0.15  
0.22 42.28 0.12 2.25 42.08 0.01 0.20 30.88 0.14  
0.26 42.28 0.12 2.29 42.10 0.03 0.22 30.83 0.12  
0.30 42.25 0.10 2.32 42.10 0.03 0.24 30.78 0.11  
0.34 42.25 0.10 2.36 42.08 0.01 0.26 30.75 0.10  
0.37 42.25 0.10 2.40 42.10 0.03 0.28 30.70 0.09  
0.41 42.23 0.09 2.44 42.08 0.01 0.30 30.70 0.09  
0.45 42.20 0.08 2.48 42.10 0.03 0.32 30.65 0.07  
0.49 42.20 0.08 2.52 42.08 0.01 0.34 30.65 0.07  
0.53 42.20 0.08 2.56 42.10 0.03 0.36 30.60 0.06  
0.57 42.20 0.08 2.60 42.08 0.01 0.38 30.58 0.05  
0.61 42.20 0.08 2.64 42.08 0.01 0.39 30.58 0.05  
0.65 42.18 0.06 2.68 42.08 0.01 0.41 30.55 0.04  
0.69 42.15 0.05 2.71 42.08 0.01 0.43 30.53 0.04  
0.73 42.18 0.06 2.75 42.08 0.01 0.45 30.53 0.04  
0.76 42.18 0.06 2.79 42.08 0.01 0.47 30.53 0.04  
0.80 42.15 0.05 2.83 42.08 0.01 0.49 30.50 0.03  
0.84 42.15 0.05 2.95 42.08 0.01 0.51 30.50 0.03  
0.88 42.15 0.05 3.03 42.08 0.01 0.53 30.50 0.03  
0.92 42.15 0.05 3.07 42.08 0.01 0.55 30.48 0.02  
0.96 42.13 0.04 3.14 42.08 0.01 0.57 30.48 0.02  
1.00 42.13 0.04 3.22 42.08 0.01 0.59 30.45 0.01  
1.04 42.13 0.04 3.26 42.08 0.01 0.61 30.48 0.02  
1.08 42.13 0.04 3.34 42.08 0.01 0.63 30.45 0.01  
1.12 42.13 0.04 3.38 42.08 0.01 0.65 30.45 0.01  
1.15 42.13 0.04 3.46 42.08 0.01 0.67 30.45 0.01  
1.19 42.13 0.04 3.49 42.08 0.01 0.69 30.45 0.01  
1.23 42.10 0.03 3.57 42.08 0.01 0.71 30.45 0.01  
1.27 42.13 0.04 3.65 42.05 0.00 0.73 30.43 0.01  
1.31 42.13 0.04 3.73 42.05 0.00 0.75 30.43 0.01  
1.35 42.10 0.03 3.77 42.05 0.00 0.77 30.43 0.01  
1.39 42.10 0.03 3.81 42.05 0.00 0.78 30.43 0.01  
1.43 42.13 0.04 3.88 42.05 0.00 0.80 30.43 0.01  
1.47 42.10 0.03 3.92 42.05 0.00 0.82 30.40 0.00  
1.51 42.10 0.03 3.96 42.05 0.00 0.84 30.40 0.00  
1.54 42.10 0.03 4.00 42.05 0.00 0.86 30.43 0.01  
1.58 42.10 0.03 4.08 42.05 0.00 0.88 30.43 0.01  
1.62 42.10 0.03 4.12 42.05 0.00 0.90 30.43 0.01  
1.66 42.10 0.03 4.20 42.05 0.00 0.92 30.40 0.00  
1.70 42.10 0.03 4.24 42.05 0.00 0.94 30.40 0.00  
1.74 42.13 0.04 4.27 42.05 0.00 0.96 30.40 0.00  
1.78 42.10 0.03 4.31 42.05 0.00 0.98 30.43 0.01  
1.82 42.10 0.03 4.35 42.05 0.00 1.00 30.40 0.00  
 
Appendix B: Raw Data Chapter 3 
131 
Sorption/diffusion measurements on Silesia Coal, CO2, 45°C, dry (Figure 3.2 B). 
CO2; grain size ~3mm; Pini=8.20 bar CO2; grain size 0.707-2.00 mm; Pini=9.60 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t)       
0.00 8.20 1.00 1.31 4.08 0.02 0.01 9.60 1.00    
0.02 6.13 0.51 1.35 4.08 0.02 0.03 5.45 0.40    
0.04 5.65 0.39 1.37 4.08 0.02 0.05 4.60 0.28    
0.06 5.38 0.33 1.39 4.08 0.02 0.07 4.15 0.21    
0.08 5.18 0.28 1.43 4.08 0.02 0.09 3.88 0.17    
0.10 5.05 0.25 1.45 4.08 0.02 0.11 3.68 0.14    
0.12 4.93 0.22 1.47 4.05 0.01 0.13 3.53 0.12    
0.14 4.85 0.20 1.51 4.05 0.01 0.15 3.43 0.11    
0.16 4.78 0.18 1.52 4.05 0.01 0.17 3.33 0.09    
0.18 4.73 0.17 1.54 4.05 0.01 0.19 3.25 0.08    
0.22 4.63 0.15 1.58 4.05 0.01 0.21 3.20 0.07    
0.26 4.55 0.13 1.60 4.05 0.01 0.23 3.13 0.06    
0.28 4.50 0.12 1.62 4.05 0.01 0.24 3.10 0.06    
0.30 4.48 0.11 1.66 4.05 0.01 0.26 3.05 0.05    
0.33 4.43 0.10 1.68 4.08 0.02 0.28 3.03 0.05    
0.35 4.40 0.10 1.70 4.05 0.01 0.30 2.98 0.04    
0.37 4.38 0.09 1.74 4.05 0.01 0.34 2.95 0.04    
0.41 4.35 0.08 1.76 4.05 0.01 0.36 2.93 0.03    
0.43 4.35 0.08 1.78 4.05 0.01 0.38 2.90 0.03    
0.45 4.33 0.08 1.82 4.05 0.01 0.40 2.90 0.03    
0.49 4.30 0.07 1.84 4.03 0.01 0.42 2.88 0.03    
0.51 4.28 0.07 1.86 4.03 0.01 0.44 2.85 0.02    
0.53 4.25 0.06 1.90 4.03 0.01 0.46 2.85 0.02    
0.57 4.23 0.05 1.91 4.05 0.01 0.48 2.85 0.02    
0.59 4.23 0.05 1.93 4.03 0.01 0.50 2.83 0.02    
0.61 4.23 0.05 1.97 4.03 0.01 0.52 2.80 0.01    
0.65 4.23 0.05 1.99 4.03 0.01 0.54 2.80 0.01    
0.67 4.20 0.05 2.01 4.03 0.01 0.56 2.80 0.01    
0.69 4.20 0.05 2.09 4.03 0.01 0.58 2.80 0.01    
0.73 4.18 0.04 2.15 4.03 0.01 0.60 2.80 0.01    
0.74 4.18 0.04 2.21 4.05 0.01 0.62 2.78 0.01    
0.76 4.18 0.04 2.29 4.03 0.01 0.63 2.78 0.01    
0.80 4.15 0.04 2.36 4.03 0.01 0.65 2.78 0.01    
0.82 4.15 0.04 2.38 4.03 0.01 0.67 2.75 0.01    
0.84 4.15 0.04 2.40 4.03 0.01 0.69 2.78 0.01    
0.88 4.15 0.04 2.52 4.03 0.01 0.71 2.78 0.01    
0.90 4.13 0.03 2.54 4.03 0.01 0.73 2.75 0.01    
0.92 4.13 0.03 2.56 4.03 0.01 0.75 2.75 0.01    
0.96 4.13 0.03 2.64 4.03 0.01 0.77 2.75 0.01    
0.98 4.13 0.03 2.68 4.03 0.01 0.79 2.75 0.01    
1.00 4.13 0.03 2.69 4.00 0.00 0.81 2.75 0.01    
1.04 4.10 0.02 2.71 4.00 0.00 0.83 2.75 0.01    
1.06 4.10 0.02 2.77 4.00 0.00 0.85 2.75 0.01    
1.08 4.10 0.02 2.79 4.03 0.01 0.87 2.75 0.01    
1.12 4.10 0.02 2.83 4.00 0.00 0.89 2.73 0.00    
1.13 4.10 0.02 2.85 4.03 0.01 0.93 2.73 0.00    
1.15 4.10 0.02 2.87 4.00 0.00 0.95 2.75 0.01    
1.19 4.08 0.02 2.91 4.03 0.01 0.97 2.73 0.00    
1.21 4.08 0.02 2.95 4.00 0.00 0.99 2.73 0.00    
1.23 4.10 0.02 2.99 4.00 0.00 1.01 2.75 0.01    
1.27 4.08 0.02 3.01 4.00 0.00 1.04 2.75 0.01    
1.29 4.08 0.02 3.03 4.00 0.00 1.06 2.73 0.00    
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Sorption/diffusion measurements on Silesia Coal, CO2, 45°C, dry (Figure 3.2 B) 
continued… 
CO2; grain size 0.354-0.707 mm; Pini=8.53 bar CO2; grain size 0.177-0.354 mm; Pini=6.78 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.01 8.53 1.00 1.03 1.78 0.02 0.01 6.78 1.00 1.32 1.85 0.01 
0.03 4.23 0.37 1.05 1.78 0.02 0.03 3.10 0.26 1.36 1.85 0.01 
0.05 3.50 0.27 1.06 1.78 0.02 0.05 2.65 0.17 1.38 1.88 0.01 
0.07 3.10 0.21 1.08 1.75 0.01 0.07 2.43 0.12 1.39 1.85 0.01 
0.09 2.88 0.18 1.10 1.75 0.01 0.09 2.30 0.10 1.43 1.85 0.01 
0.11 2.73 0.16 1.12 1.78 0.02 0.11 2.23 0.08 1.45 1.85 0.01 
0.13 2.60 0.14 1.14 1.78 0.02 0.13 2.18 0.07 1.47 1.85 0.01 
0.15 2.50 0.12 1.16 1.78 0.02 0.15 2.13 0.06 1.51 1.85 0.01 
0.17 2.45 0.12 1.18 1.75 0.01 0.17 2.08 0.05 1.53 1.85 0.01 
0.19 2.38 0.11 1.20 1.75 0.01 0.19 2.08 0.05 1.55 1.85 0.01 
0.21 2.30 0.09 1.22 1.75 0.01 0.23 2.03 0.04 1.59 1.85 0.01 
0.23 2.25 0.09 1.24 1.75 0.01 0.26 2.00 0.04 1.61 1.85 0.01 
0.25 2.23 0.08 1.26 1.75 0.01 0.28 1.98 0.03 1.63 1.85 0.01 
0.27 2.20 0.08 1.28 1.75 0.01 0.30 1.98 0.03 1.67 1.83 0.00 
0.28 2.15 0.07 1.30 1.73 0.01 0.34 1.95 0.03 1.69 1.85 0.01 
0.30 2.13 0.07 1.32 1.73 0.01 0.36 1.95 0.03 1.71 1.85 0.01 
0.32 2.10 0.07 1.34 1.73 0.01 0.38 1.95 0.03 1.75 1.85 0.01 
0.34 2.08 0.06 1.36 1.73 0.01 0.42 1.93 0.02 1.77 1.85 0.01 
0.36 2.08 0.06 1.38 1.73 0.01 0.44 1.93 0.02 1.79 1.85 0.01 
0.38 2.05 0.06 1.40 1.73 0.01 0.46 1.90 0.02 1.82 1.85 0.01 
0.40 2.03 0.05 1.42 1.73 0.01 0.50 1.93 0.02 1.84 1.85 0.01 
0.42 2.03 0.05 1.44 1.73 0.01 0.52 1.90 0.02 1.86 1.85 0.01 
0.44 2.00 0.05 1.46 1.73 0.01 0.54 1.93 0.02 1.90 1.85 0.01 
0.46 1.98 0.05 1.47 1.73 0.01 0.58 1.90 0.02 1.92 1.83 0.00 
0.48 1.98 0.05 1.49 1.73 0.01 0.60 1.88 0.01 1.94 1.83 0.00 
0.50 1.95 0.04 1.51 1.73 0.01 0.62 1.88 0.01 1.98 1.85 0.01 
0.52 1.95 0.04 1.53 1.73 0.01 0.65 1.88 0.01 2.00 1.83 0.00 
0.54 1.93 0.04 1.55 1.73 0.01 0.67 1.88 0.01 2.02 1.85 0.01 
0.56 1.90 0.04 1.57 1.70 0.01 0.69 1.88 0.01 2.06 1.85 0.01 
0.58 1.90 0.04 1.59 1.70 0.01 0.73 1.90 0.02 2.08 1.85 0.01 
0.60 1.90 0.04 1.61 1.73 0.01 0.75 1.90 0.02 2.10 1.85 0.01 
0.62 1.90 0.04 1.63 1.73 0.01 0.77 1.88 0.01 2.14 1.85 0.01 
0.64 1.90 0.04 1.65 1.70 0.01 0.81 1.88 0.01 2.16 1.85 0.01 
0.66 1.88 0.03 1.67 1.70 0.01 0.83 1.88 0.01 2.17 1.85 0.01 
0.67 1.88 0.03 1.69 1.73 0.01 0.85 1.88 0.01 2.23 1.85 0.01 
0.69 1.88 0.03 1.71 1.70 0.01 0.89 1.88 0.01 2.25 1.85 0.01 
0.71 1.85 0.03 1.73 1.70 0.01 0.91 1.88 0.01 2.29 1.85 0.01 
0.73 1.85 0.03 1.75 1.70 0.01 0.93 1.88 0.01 2.33 1.85 0.01 
0.75 1.85 0.03 1.77 1.70 0.01 0.97 1.88 0.01 2.37 1.85 0.01 
0.77 1.85 0.03 1.79 1.70 0.01 0.99 1.85 0.01 2.41 1.85 0.01 
0.79 1.83 0.03 1.81 1.73 0.01 1.01 1.85 0.01 2.45 1.85 0.01 
0.81 1.83 0.03 1.83 1.70 0.01 1.04 1.88 0.01 2.47 1.83 0.00 
0.83 1.83 0.03 1.85 1.70 0.01 1.06 1.85 0.01 2.49 1.83 0.00 
0.85 1.80 0.02 1.86 1.73 0.01 1.08 1.85 0.01 2.55 1.85 0.01 
0.87 1.83 0.03 1.92 1.70 0.01 1.12 1.88 0.01 2.56 1.85 0.01 
0.89 1.80 0.02 1.94 1.68 0.00 1.14 1.88 0.01 2.62 1.85 0.01 
0.91 1.80 0.02 1.96 1.68 0.00 1.16 1.85 0.01 2.64 1.85 0.01 
0.93 1.80 0.02 2.00 1.70 0.01 1.20 1.85 0.01 2.70 1.85 0.01 
0.95 1.80 0.02 2.02 1.70 0.01 1.22 1.85 0.01 2.76 1.85 0.01 
0.97 1.80 0.02 2.06 1.70 0.01 1.24 1.85 0.01 2.80 1.85 0.01 
0.99 1.78 0.02 2.10 1.70 0.01 1.28 1.85 0.01 2.84 1.83 0.00 
1.01 1.78 0.02 2.12 1.68 0.00 1.30 1.85 0.01 2.86 1.83 0.00 
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Sorption/diffusion measurements on Silesia Coal, CO2, 45°C, dry (Figure 3.2 B) 
continued… 
CO2; grain size 0.063-0.177 mm; Pini=4.78 bar C=2; grain size <0.063 mm; Pini=5.80 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.01 4.78 1.00 1.02 2.35 0.01 0.01 5.80 1.00 0.95 3.20 0.00 
0.03 2.95 0.26 1.04 2.35 0.01 0.01 4.13 0.36 0.97 3.23 0.01 
0.05 2.73 0.16 1.06 2.35 0.01 0.02 3.88 0.26 0.99 3.23 0.01 
0.07 2.63 0.12 1.08 2.35 0.01 0.02 3.75 0.21 1.01 3.23 0.01 
0.09 2.58 0.10 1.10 2.35 0.01 0.02 3.68 0.18 1.03 3.23 0.01 
0.11 2.53 0.08 1.12 2.33 0.00 0.04 3.45 0.10 1.05 3.23 0.01 
0.13 2.50 0.07 1.14 2.33 0.00 0.06 3.38 0.07 1.07 3.23 0.01 
0.15 2.48 0.06 1.16 2.35 0.01 0.08 3.33 0.05 1.08 3.23 0.01 
0.17 2.45 0.05 1.18 2.35 0.01 0.10 3.30 0.04 1.10 3.23 0.01 
0.19 2.45 0.05 1.20 2.35 0.01 0.12 3.30 0.04 1.12 3.23 0.01 
0.21 2.43 0.04 1.22 2.33 0.00 0.14 3.30 0.04 1.14 3.23 0.01 
0.22 2.43 0.04 1.24 2.33 0.00 0.16 3.28 0.03 1.16 3.20 0.00 
0.24 2.43 0.04 1.26 2.33 0.00 0.18 3.28 0.03 1.18 3.20 0.00 
0.26 2.43 0.04 1.28 2.35 0.01 0.20 3.25 0.02 1.20 3.23 0.01 
0.28 2.40 0.03 1.30 2.35 0.01 0.21 3.28 0.03 1.22 3.20 0.00 
0.30 2.40 0.03 1.32 2.35 0.01 0.23 3.28 0.03 1.24 3.23 0.01 
0.32 2.40 0.03 1.34 2.33 0.00 0.25 3.25 0.02 1.26 3.20 0.00 
0.34 2.40 0.03 1.36 2.35 0.01 0.27 3.25 0.02 1.28 3.23 0.01 
0.36 2.40 0.03 1.38 2.35 0.01 0.29 3.25 0.02 1.30 3.20 0.00 
0.38 2.40 0.03 1.39 2.35 0.01 0.31 3.23 0.01 1.32 3.23 0.01 
0.40 2.40 0.03 1.41 2.33 0.00 0.33 3.23 0.01 1.34 3.23 0.01 
0.42 2.38 0.02 1.43 2.35 0.01 0.35 3.23 0.01 1.36 3.20 0.00 
0.44 2.38 0.02 1.45 2.35 0.01 0.37 3.25 0.02 1.37 3.20 0.00 
0.46 2.38 0.02 1.47 2.35 0.01 0.39 3.23 0.01 1.39 3.20 0.00 
0.48 2.35 0.01 1.49 2.33 0.00 0.41 3.25 0.02 1.41 3.23 0.01 
0.50 2.38 0.02 1.51 2.35 0.01 0.43 3.23 0.01 1.43 3.20 0.00 
0.52 2.35 0.01 1.53 2.33 0.00 0.45 3.23 0.01 1.45 3.20 0.00 
0.54 2.35 0.01 1.55 2.35 0.01 0.47 3.23 0.01 1.47 3.23 0.01 
0.56 2.35 0.01 1.57 2.33 0.00 0.48 3.23 0.01 1.49 3.20 0.00 
0.58 2.35 0.01 1.59 2.33 0.00 0.50 3.23 0.01 1.51 3.23 0.01 
0.60 2.35 0.01 1.61 2.33 0.00 0.52 3.23 0.01 1.53 3.20 0.00 
0.61 2.38 0.02 1.63 2.35 0.01 0.54 3.23 0.01 1.55 3.20 0.00 
0.63 2.35 0.01 1.65 2.33 0.00 0.56 3.23 0.01 1.57 3.20 0.00 
0.65 2.35 0.01 1.67 2.35 0.01 0.58 3.23 0.01 1.59 3.20 0.00 
0.67 2.35 0.01 1.69 2.33 0.00 0.60 3.23 0.01 1.61 3.20 0.00 
0.69 2.35 0.01 1.71 2.33 0.00 0.62 3.23 0.01 1.63 3.20 0.00 
0.71 2.35 0.01 1.73 2.33 0.00 0.64 3.23 0.01 1.65 3.20 0.00 
0.73 2.35 0.01 1.75 2.33 0.00 0.66 3.23 0.01 1.67 3.20 0.00 
0.75 2.35 0.01 1.77 2.33 0.00 0.68 3.23 0.01 1.68 3.20 0.00 
0.77 2.33 0.00 1.78 2.33 0.00 0.70 3.23 0.01 1.70 3.20 0.00 
0.79 2.35 0.01 1.80 2.33 0.00 0.72 3.23 0.01 1.72 3.20 0.00 
0.81 2.33 0.00 1.82 2.33 0.00 0.74 3.23 0.01 1.74 3.20 0.00 
0.83 2.35 0.01 1.84 2.33 0.00 0.76 3.23 0.01 1.76 3.20 0.00 
0.85 2.35 0.01 1.86 2.33 0.00 0.78 3.23 0.01 1.78 3.20 0.00 
0.87 2.35 0.01    0.79 3.23 0.01    
0.89 2.35 0.01    0.81 3.23 0.01    
0.91 2.35 0.01    0.83 3.23 0.01    
0.93 2.35 0.01    0.85 3.23 0.01    
0.95 2.35 0.01    0.87 3.23 0.01    
0.97 2.35 0.01    0.89 3.23 0.01    
0.99 2.35 0.01    0.91 3.23 0.01    
1.00 2.35 0.01    0.93 3.23 0.01    
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Comparison sorption/diffusion measurements on Silesia Coal, CO2, CH4, 45°C, 
dry (Figure 3.3). 
CH4; grain size ~3mm; Pini=23.33 bar CH4; grain size ~3mm; Pini=33.80 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.00 23.33 1.00 3.59 19.35 0.04 0.00 33.80 1.00 3.60 31.28 0.04 
0.02 22.05 0.69 3.61 19.38 0.05 0.02 32.95 0.68 3.62 31.28 0.04 
0.04 21.70 0.61 3.75 19.35 0.04 0.04 32.70 0.58 3.75 31.28 0.04 
0.06 21.48 0.55 3.77 19.38 0.05 0.06 32.55 0.52 3.77 31.28 0.04 
0.08 21.30 0.51 3.90 19.33 0.04 0.08 32.45 0.49 3.91 31.25 0.03 
0.10 21.18 0.48 3.92 19.33 0.04 0.10 32.38 0.46 3.93 31.28 0.04 
0.12 21.08 0.46 4.06 19.35 0.04 0.12 32.30 0.43 4.07 31.25 0.03 
0.14 21.00 0.44 4.08 19.33 0.04 0.14 32.25 0.41 4.09 31.25 0.03 
0.16 20.90 0.42 4.22 19.33 0.04 0.16 32.20 0.39 4.22 31.25 0.03 
0.18 20.83 0.40 4.24 19.33 0.04 0.18 32.18 0.38 4.24 31.25 0.03 
0.32 20.50 0.32 4.37 19.30 0.03 0.31 31.95 0.30 4.38 31.25 0.03 
0.33 20.48 0.31 4.39 19.30 0.03 0.33 31.93 0.29 4.40 31.25 0.03 
0.47 20.28 0.27 4.53 19.30 0.03 0.47 31.78 0.23 4.53 31.23 0.02 
0.49 20.25 0.26 4.55 19.30 0.03 0.49 31.80 0.24 4.55 31.25 0.03 
0.63 20.13 0.23 4.68 19.28 0.02 0.63 31.73 0.21 4.69 31.23 0.02 
0.65 20.10 0.22 4.70 19.28 0.02 0.65 31.70 0.20 4.71 31.23 0.02 
0.78 20.00 0.20 4.84 19.28 0.02 0.78 31.63 0.17 4.85 31.25 0.03 
0.80 20.00 0.20 4.86 19.28 0.02 0.80 31.63 0.17 4.87 31.23 0.02 
0.94 19.93 0.18 5.00 19.28 0.02 0.94 31.58 0.15 5.00 31.20 0.01 
0.96 19.93 0.18 5.02 19.28 0.02 0.96 31.58 0.15 5.02 31.23 0.02 
1.10 19.85 0.16 5.15 19.28 0.02 1.10 31.55 0.14 5.16 31.23 0.02 
1.12 19.83 0.16 5.17 19.25 0.02 1.12 31.55 0.14 5.18 31.23 0.02 
1.25 19.78 0.14 5.31 19.28 0.02 1.25 31.50 0.12 5.32 31.23 0.02 
1.27 19.78 0.14 5.33 19.25 0.02 1.27 31.50 0.12 5.33 31.23 0.02 
1.41 19.73 0.13 5.46 19.25 0.02 1.41 31.48 0.11 5.47 31.23 0.02 
1.43 19.70 0.13 5.48 19.25 0.02 1.43 31.48 0.11 5.49 31.23 0.02 
1.56 19.68 0.12 5.62 19.25 0.02 1.56 31.45 0.10 5.63 31.23 0.02 
1.58 19.68 0.12 5.64 19.25 0.02 1.58 31.45 0.10 5.65 31.23 0.02 
1.72 19.63 0.11 5.78 19.23 0.01 1.72 31.43 0.10 5.78 31.23 0.02 
1.74 19.63 0.11 5.80 19.25 0.02 1.74 31.40 0.09 5.80 31.23 0.02 
1.88 19.58 0.10 5.93 19.25 0.02 1.88 31.40 0.09 5.94 31.20 0.01 
1.90 19.60 0.10 5.95 19.25 0.02 1.89 31.40 0.09 5.96 31.20 0.01 
2.03 19.55 0.09 6.09 19.25 0.02 2.03 31.38 0.08 6.09 31.20 0.01 
2.05 19.58 0.10 6.11 19.23 0.01 2.05 31.38 0.08 6.11 31.20 0.01 
2.19 19.55 0.09 6.24 19.23 0.01 2.19 31.38 0.08 6.25 31.20 0.01 
2.21 19.53 0.08 6.26 19.23 0.01 2.21 31.38 0.08 6.27 31.20 0.01 
2.34 19.53 0.08 6.40 19.23 0.01 2.34 31.35 0.07 6.41 31.20 0.01 
2.36 19.50 0.08 6.42 19.23 0.01 2.36 31.35 0.07 6.43 31.20 0.01 
2.50 19.48 0.07 6.56 19.23 0.01 2.50 31.33 0.06 6.56 31.20 0.01 
2.52 19.50 0.08 6.57 19.23 0.01 2.52 31.33 0.06 6.58 31.20 0.01 
2.66 19.48 0.07 6.71 19.23 0.01 2.66 31.35 0.07 6.72 31.20 0.01 
2.68 19.48 0.07 6.73 19.23 0.01 2.68 31.33 0.06 6.74 31.20 0.01 
2.81 19.45 0.07 6.87 19.23 0.01 2.81 31.30 0.05 6.87 31.20 0.01 
2.83 19.45 0.07 6.89 19.20 0.01 2.83 31.33 0.06 6.89 31.20 0.01 
2.97 19.43 0.06 7.02 19.20 0.01 2.97 31.30 0.05 7.03 31.18 0.00 
2.99 19.43 0.06 7.04 19.23 0.01 2.99 31.30 0.05 7.05 31.18 0.00 
3.12 19.40 0.05 7.18 19.20 0.01 3.13 31.30 0.05 7.19 31.18 0.00 
3.14 19.40 0.05 7.20 19.20 0.01 3.15 31.30 0.05 7.21 31.20 0.01 
3.28 19.40 0.05 7.34 19.20 0.01 3.28 31.30 0.05 7.34 31.20 0.01 
3.30 19.38 0.05 7.36 19.20 0.01 3.30 31.28 0.04 7.36 31.20 0.01 
3.44 19.38 0.05 7.49 19.20 0.01 3.44 31.28 0.04    
3.46 19.38 0.05 7.51 19.20 0.01 3.46 31.28 0.04    
Appendix B: Raw Data Chapter 3 
135 
Comparison sorption/diffusion measurements on Silesia Coal, CO2, CH4, 45°C, 
dry (Figure 3.3) continued… 
CO2; grain size ~3mm; Pini=5.75 bar CO2; grain size ~3mm; Pini=8.20 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.01 5.75 1.00 3.60 1.85 0.02 0.00 8.20 1.00 1.47 4.05 0.01 
0.03 3.93 0.54 3.62 1.85 0.02 0.02 6.13 0.51 1.51 4.05 0.01 
0.05 3.53 0.44 3.76 1.85 0.02 0.04 5.65 0.39 1.52 4.05 0.01 
0.07 3.30 0.38 3.78 1.85 0.02 0.06 5.38 0.33 1.56 4.05 0.01 
0.09 3.15 0.35 3.91 1.85 0.02 0.08 5.18 0.28 1.58 4.05 0.01 
0.11 3.03 0.31 3.93 1.85 0.02 0.10 5.05 0.25 1.62 4.05 0.01 
0.13 2.95 0.30 4.07 1.83 0.01 0.12 4.93 0.22 1.64 4.05 0.01 
0.15 2.88 0.28 4.09 1.85 0.02 0.14 4.85 0.20 1.68 4.08 0.02 
0.17 2.80 0.26 4.23 1.85 0.02 0.16 4.78 0.18 1.70 4.05 0.01 
0.19 2.75 0.25 4.24 1.85 0.02 0.18 4.73 0.17 1.74 4.05 0.01 
0.32 2.53 0.19 4.38 1.85 0.02 0.24 4.58 0.14 1.76 4.05 0.01 
0.34 2.50 0.18 4.40 1.83 0.01 0.28 4.50 0.12 1.80 4.05 0.01 
0.48 2.35 0.14 4.54 1.83 0.01 0.30 4.48 0.11 1.82 4.05 0.01 
0.50 2.35 0.14 4.56 1.85 0.02 0.33 4.43 0.10 1.86 4.03 0.01 
0.64 2.25 0.12 4.69 1.83 0.01 0.35 4.40 0.10 1.88 4.03 0.01 
0.66 2.25 0.12 4.71 1.85 0.02 0.39 4.38 0.09 1.91 4.05 0.01 
0.79 2.18 0.10 4.85 1.83 0.01 0.41 4.35 0.08 1.93 4.03 0.01 
0.81 2.18 0.10 4.87 1.83 0.01 0.45 4.33 0.08 1.97 4.03 0.01 
0.95 2.13 0.09 5.01 1.80 0.01 0.47 4.30 0.07 1.99 4.03 0.01 
0.97 2.13 0.09 5.02 1.83 0.01 0.51 4.28 0.07 2.03 4.03 0.01 
1.10 2.10 0.08 5.16 1.83 0.01 0.53 4.25 0.06 2.05 4.03 0.01 
1.12 2.08 0.08 5.18 1.83 0.01 0.57 4.23 0.05 2.09 4.03 0.01 
1.26 2.05 0.07 5.32 1.83 0.01 0.59 4.23 0.05 2.11 4.00 0.00 
1.28 2.05 0.07 5.34 1.83 0.01 0.63 4.20 0.05 2.15 4.03 0.01 
1.42 2.03 0.06 5.47 1.83 0.01 0.65 4.23 0.05 2.21 4.05 0.01 
1.44 2.03 0.06 5.49 1.83 0.01 0.69 4.20 0.05 2.23 4.03 0.01 
1.57 2.00 0.06 5.63 1.80 0.01 0.71 4.20 0.05 2.29 4.03 0.01 
1.59 2.00 0.06 5.65 1.83 0.01 0.74 4.18 0.04 2.32 4.03 0.01 
1.73 1.98 0.05 5.79 1.83 0.01 0.76 4.18 0.04 2.38 4.03 0.01 
1.75 1.98 0.05 5.80 1.83 0.01 0.80 4.15 0.04 2.40 4.03 0.01 
1.89 1.95 0.04 5.94 1.83 0.01 0.82 4.15 0.04 2.46 4.03 0.01 
1.90 1.98 0.05 5.96 1.83 0.01 0.86 4.15 0.04 2.50 4.03 0.01 
2.04 1.95 0.04 6.10 1.83 0.01 0.88 4.15 0.04 2.56 4.03 0.01 
2.06 1.95 0.04 6.12 1.80 0.01 0.92 4.13 0.03 2.58 4.03 0.01 
2.20 1.95 0.04 6.25 1.80 0.01 0.94 4.13 0.03 2.64 4.03 0.01 
2.22 1.93 0.04 6.27 1.83 0.01 0.98 4.13 0.03 2.68 4.03 0.01 
2.35 1.93 0.04 6.41 1.80 0.01 1.00 4.13 0.03 2.73 4.03 0.01 
2.37 1.90 0.03 6.56 1.80 0.01 1.04 4.10 0.02 2.75 4.03 0.01 
2.51 1.93 0.04 6.58 1.80 0.01 1.06 4.10 0.02 2.85 4.03 0.01 
2.53 1.90 0.03 6.72 1.83 0.01 1.10 4.10 0.02 2.87 4.00 0.00 
2.67 1.90 0.03 7.03 1.83 0.01 1.12 4.10 0.02 2.91 4.03 0.01 
2.68 1.90 0.03 7.19 1.80 0.01 1.15 4.10 0.02 2.97 4.00 0.00 
2.82 1.90 0.03 7.21 1.80 0.01 1.17 4.10 0.02 2.99 4.00 0.00 
2.84 1.90 0.03 7.36 1.80 0.01 1.21 4.08 0.02 3.03 4.00 0.00 
2.98 1.90 0.03 7.50 1.80 0.01 1.23 4.10 0.02 3.08 4.00 0.00 
3.00 1.88 0.03 7.52 1.83 0.01 1.27 4.08 0.02 3.10 4.03 0.01 
3.13 1.85 0.02 7.68 1.80 0.01 1.29 4.08 0.02 3.20 4.03 0.01 
3.15 1.88 0.03 7.83 1.80 0.01 1.33 4.08 0.02 3.26 4.00 0.00 
3.29 1.88 0.03 7.99 1.80 0.01 1.35 4.08 0.02 3.28 4.00 0.00 
3.31 1.88 0.03 8.14 1.78 0.00 1.39 4.08 0.02 3.32 4.00 0.00 
3.45 1.88 0.03 8.44 1.80 0.01 1.41 4.08 0.02 3.38 4.00 0.00 
3.46 1.85 0.02 8.61 1.78 0.00 1.45 4.08 0.02 3.44 4.00 0.00 
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Temperature comparison sorption/diffusion measurements on Silesia Coal, 
CO2, CH4, 32°C, dry (Figure 3.4). 
CH4; grain size 0.707-2.00 mm; Pini=19.58 bar CO2; grain size 0.707-2.00 mm; Pini=9.63 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.01 19.58 1.00 6.80 10.00 0.06 0.00 9.63 1.00 0.98 4.93 0.02 
0.01 18.15 0.86 6.96 9.98 0.05 0.00 8.15 0.69 0.99 4.93 0.02 
0.02 17.58 0.80 7.11 9.98 0.05 0.01 7.68 0.59 1.01 4.90 0.02 
0.03 16.05 0.65 7.27 9.95 0.05 0.03 6.68 0.39 1.03 4.90 0.02 
0.05 15.40 0.59 7.42 9.93 0.05 0.05 6.30 0.31 1.05 4.90 0.02 
0.07 15.00 0.55 7.58 9.93 0.05 0.07 6.08 0.26 1.07 4.93 0.02 
0.09 14.65 0.51 7.73 9.90 0.05 0.09 5.90 0.22 1.09 4.90 0.02 
0.11 14.43 0.49 7.89 9.90 0.05 0.10 5.80 0.20 1.11 4.88 0.01 
0.13 14.20 0.47 8.04 9.88 0.04 0.12 5.68 0.18 1.13 4.88 0.01 
0.15 14.05 0.46 8.19 9.88 0.04 0.14 5.63 0.17 1.15 4.90 0.02 
0.31 13.18 0.37 8.35 9.85 0.04 0.16 5.53 0.15 1.17 4.88 0.01 
0.46 12.68 0.32 8.50 9.83 0.04 0.18 5.50 0.14 1.19 4.88 0.01 
0.62 12.33 0.29 8.66 9.83 0.04 0.20 5.45 0.13 1.21 4.88 0.01 
0.77 12.08 0.26 8.81 9.80 0.04 0.22 5.40 0.12 1.23 4.88 0.01 
0.93 11.88 0.24 8.97 9.80 0.04 0.24 5.35 0.11 1.25 4.88 0.01 
1.08 11.70 0.22 9.12 9.78 0.03 0.26 5.33 0.10 1.27 4.88 0.01 
1.23 11.58 0.21 9.28 9.78 0.03 0.28 5.30 0.10 1.28 4.85 0.01 
1.39 11.43 0.20 9.43 9.78 0.03 0.30 5.28 0.09 1.30 4.88 0.01 
1.54 11.33 0.19 9.59 9.75 0.03 0.32 5.25 0.09 1.32 4.88 0.01 
1.70 11.23 0.18 9.74 9.75 0.03 0.34 5.23 0.08 1.34 4.85 0.01 
1.85 11.15 0.17 9.90 9.73 0.03 0.36 5.20 0.08 1.36 4.88 0.01 
2.01 11.05 0.16 10.20 9.73 0.03 0.38 5.18 0.07 1.38 4.88 0.01 
2.16 10.98 0.15 10.36 9.70 0.03 0.39 5.18 0.07 1.40 4.85 0.01 
2.32 10.90 0.15 10.51 9.70 0.03 0.41 5.15 0.07 1.42 4.88 0.01 
2.47 10.85 0.14 10.67 9.70 0.03 0.43 5.13 0.06 1.44 4.85 0.01 
2.63 10.80 0.14 10.98 9.68 0.02 0.45 5.13 0.06 1.46 4.88 0.01 
2.78 10.73 0.13 11.13 9.68 0.02 0.47 5.10 0.06 1.48 4.85 0.01 
2.94 10.68 0.12 11.44 9.65 0.02 0.49 5.08 0.05 1.50 4.85 0.01 
3.09 10.63 0.12 11.60 9.65 0.02 0.51 5.08 0.05 1.52 4.85 0.01 
3.25 10.60 0.12 11.75 9.65 0.02 0.53 5.05 0.05 1.54 4.85 0.01 
3.40 10.55 0.11 12.06 9.63 0.02 0.55 5.05 0.05 1.56 4.85 0.01 
3.55 10.53 0.11 12.37 9.63 0.02 0.57 5.03 0.04 1.57 4.85 0.01 
3.71 10.50 0.11 12.52 9.60 0.02 0.59 5.05 0.05 1.59 4.85 0.01 
3.86 10.45 0.10 12.68 9.60 0.02 0.61 5.03 0.04 1.63 4.85 0.01 
4.02 10.43 0.10 12.83 9.60 0.02 0.63 5.00 0.04 1.65 4.85 0.01 
4.17 10.38 0.09 13.14 9.60 0.02 0.65 5.00 0.04 1.67 4.83 0.00 
4.33 10.33 0.09 13.30 9.58 0.01 0.67 5.00 0.04 1.69 4.85 0.01 
4.48 10.33 0.09 13.61 9.58 0.01 0.68 5.00 0.04 1.73 4.85 0.01 
4.64 10.30 0.09 13.92 9.55 0.01 0.70 4.98 0.03 1.75 4.83 0.00 
4.79 10.30 0.09 14.07 9.55 0.01 0.72 4.98 0.03 1.79 4.83 0.00 
4.95 10.25 0.08 14.23 9.53 0.01 0.74 4.98 0.03 1.81 4.83 0.00 
5.10 10.23 0.08 14.38 9.53 0.01 0.76 4.98 0.03 1.83 4.85 0.01 
5.26 10.23 0.08 14.53 9.55 0.01 0.78 4.98 0.03 1.85 4.83 0.00 
5.41 10.18 0.07 14.69 9.53 0.01 0.80 4.98 0.03 1.86 4.83 0.00 
5.57 10.18 0.07 15.00 9.50 0.01 0.82 4.95 0.03 1.90 4.83 0.00 
5.72 10.13 0.07 15.15 9.53 0.01 0.84 4.95 0.03 1.92 4.83 0.00 
5.87 10.13 0.07 15.31 9.50 0.01 0.86 4.95 0.03 1.94 4.83 0.00 
6.03 10.08 0.06 15.46 9.50 0.01 0.88 4.93 0.02 1.96 4.83 0.00 
6.18 10.08 0.06 15.62 9.50 0.01 0.90 4.93 0.02 1.98 4.83 0.00 
6.34 10.05 0.06 15.77 9.48 0.00 0.92 4.93 0.02 2.00 4.83 0.00 
6.49 10.05 0.06 15.93 9.50 0.01 0.94 4.93 0.02 2.02 4.83 0.00 
6.65 10.03 0.06 16.08 9.48 0.00 0.95 4.93 0.02 2.04 4.83 0.00 
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Temperature comparison sorption/diffusion measurements on Silesia Coal, 
CO2, CH4, 45°C, dry (Figure 3.4). 
CH4; grain size 0.707-2.00 mm; Pini=22.68 bar CO2; grain size 0.707-2.00 mm; Pini=9.60 bar 
t (h) P (bar) QRes(t)       t (h) P (bar) QRes(t)       
0.00 22.68 1.00    0.01 9.60 1.00    
0.02 21.73 0.65    0.03 5.45 0.40    
0.04 21.48 0.56    0.05 4.60 0.28    
0.06 21.33 0.51    0.07 4.15 0.21    
0.07 21.23 0.47    0.09 3.88 0.17    
0.11 21.08 0.42    0.11 3.68 0.14    
0.14 20.98 0.38    0.13 3.53 0.12    
0.18 20.90 0.35    0.15 3.43 0.11    
0.21 20.83 0.33    0.17 3.33 0.09    
0.25 20.78 0.31    0.19 3.25 0.08    
0.33 20.65 0.26    0.21 3.20 0.07    
0.42 20.58 0.24    0.23 3.13 0.06    
0.50 20.53 0.22    0.24 3.10 0.06    
0.59 20.48 0.20    0.26 3.05 0.05    
0.67 20.43 0.18    0.28 3.03 0.05    
0.84 20.35 0.15    0.30 2.98 0.04    
1.01 20.30 0.14    0.34 2.95 0.04    
1.17 20.25 0.12    0.36 2.93 0.03    
1.34 20.23 0.11    0.38 2.90 0.03    
1.51 20.20 0.10    0.40 2.90 0.03    
1.68 20.18 0.09    0.42 2.88 0.03    
1.85 20.15 0.08    0.44 2.85 0.02    
2.01 20.13 0.07    0.46 2.85 0.02    
2.18 20.13 0.07    0.48 2.85 0.02    
2.43 20.10 0.06    0.50 2.83 0.02    
2.69 20.08 0.05    0.52 2.80 0.01    
2.94 20.08 0.05    0.54 2.80 0.01    
3.19 20.05 0.05    0.56 2.80 0.01    
3.44 20.05 0.05    0.58 2.80 0.01    
3.69 20.05 0.05    0.60 2.80 0.01    
3.94 20.03 0.04    0.62 2.78 0.01    
4.19 20.03 0.04    0.63 2.78 0.01    
4.44 20.00 0.03    0.65 2.78 0.01    
4.70 20.00 0.03    0.67 2.75 0.01    
4.95 19.98 0.02    0.69 2.78 0.01    
5.20 20.00 0.03    0.71 2.78 0.01    
5.45 20.00 0.03    0.73 2.75 0.01    
5.70 19.98 0.02    0.75 2.75 0.01    
5.95 19.98 0.02    0.77 2.75 0.01    
6.20 19.98 0.02    0.79 2.75 0.01    
6.71 19.95 0.01    0.81 2.75 0.01    
7.21 19.95 0.01    0.83 2.75 0.01    
7.71 19.98 0.02    0.87 2.75 0.01    
8.21 19.95 0.01    0.89 2.73 0.00    
8.71 19.95 0.01    0.91 2.75 0.01    
9.21 19.95 0.01    0.93 2.73 0.00    
9.71 19.95 0.01    0.95 2.75 0.01    
10.21 19.95 0.01    0.97 2.73 0.00    
10.72 19.93 0.00    0.99 2.73 0.00    
11.22 19.93 0.00    1.03 2.75 0.01    
11.72 19.93 0.00    1.04 2.75 0.01    
12.22 19.93 0.00    1.06 2.73 0.00    
12.72 19.93 0.00    1.08 2.73 0.00    
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Comparison sorption/diffusion measurements on dry and moist Silesia Coal, 
CO2, CH4, 45°C, dry (Figure 3.5). 
CH4; grain size 0.707-2.00 mm; Pini=32.90 bar CO2; grain size 0.707-2.00 mm; Pini=9.60 bar 
t (h) P (bar) QRes(t)       t (h) P (bar) QRes(t)       
0.00 32.90 1.00    0.01 9.60 1.00    
0.02 32.30 0.65    0.03 5.45 0.40    
0.04 32.13 0.55    0.05 4.60 0.28    
0.05 32.03 0.49    0.07 4.15 0.21    
0.07 31.95 0.45    0.09 3.88 0.17    
0.11 31.85 0.39    0.11 3.68 0.14    
0.14 31.78 0.35    0.13 3.53 0.12    
0.18 31.73 0.32    0.15 3.43 0.11    
0.21 31.68 0.29    0.17 3.33 0.09    
0.25 31.65 0.28    0.19 3.25 0.08    
0.33 31.58 0.23    0.21 3.20 0.07    
0.42 31.55 0.22    0.23 3.13 0.06    
0.50 31.50 0.19    0.24 3.10 0.06    
0.59 31.48 0.17    0.26 3.05 0.05    
0.67 31.45 0.16    0.28 3.03 0.05    
0.84 31.40 0.13    0.30 2.98 0.04    
1.01 31.38 0.12    0.34 2.95 0.04    
1.17 31.35 0.10    0.36 2.93 0.03    
1.34 31.35 0.10    0.38 2.90 0.03    
1.51 31.30 0.07    0.40 2.90 0.03    
1.68 31.33 0.09    0.42 2.88 0.03    
1.85 31.30 0.07    0.44 2.85 0.02    
2.01 31.30 0.07    0.46 2.85 0.02    
2.18 31.28 0.06    0.48 2.85 0.02    
2.43 31.28 0.06    0.50 2.83 0.02    
2.68 31.25 0.04    0.52 2.80 0.01    
2.94 31.25 0.04    0.54 2.80 0.01    
3.19 31.25 0.04    0.56 2.80 0.01    
3.44 31.25 0.04    0.58 2.80 0.01    
3.69 31.23 0.03    0.60 2.80 0.01    
3.94 31.23 0.03    0.62 2.78 0.01    
4.19 31.23 0.03    0.63 2.78 0.01    
4.44 31.20 0.01    0.65 2.78 0.01    
4.70 31.20 0.01    0.67 2.75 0.01    
4.95 31.23 0.03    0.69 2.78 0.01    
5.20 31.20 0.01    0.71 2.78 0.01    
5.45 31.20 0.01    0.73 2.75 0.01    
5.70 31.20 0.01    0.75 2.75 0.01    
5.95 31.20 0.01    0.77 2.75 0.01    
6.20 31.20 0.01    0.79 2.75 0.01    
6.70 31.18 0.00    0.81 2.75 0.01    
7.21 31.18 0.00    0.83 2.75 0.01    
7.71 31.18 0.00    0.87 2.75 0.01    
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Comparison sorption/diffusion measurements on dry and moist Silesia Coal, 
CO2, CH4, 45°C, moist (Figure 3.5). 
CH4; grain size 0.707-2.00 mm; Pini=13.45 bar CO2; grain size 0.707-2.00 mm; Pini=14.35 bar 
t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) t (h) P (bar) QRes(t) 
0.01 33.00 1.00 16.78 29.95 0.12 0.00 14.35 1.00 4.26 11.58 0.03 
0.01 32.78 0.93 17.16 29.95 0.12 0.01 14.03 0.89 4.36 11.58 0.03 
0.02 32.70 0.91 17.55 29.95 0.12 0.01 13.90 0.84 4.46 11.55 0.03 
0.03 32.55 0.87 17.94 29.93 0.11 0.03 13.65 0.76 4.55 11.55 0.03 
0.05 32.48 0.85 18.32 29.93 0.11 0.05 13.48 0.70 4.65 11.55 0.03 
0.07 32.43 0.83 18.71 29.90 0.10 0.07 13.38 0.66 4.75 11.55 0.03 
0.09 32.38 0.82 19.10 29.90 0.10 0.09 13.28 0.63 4.84 11.55 0.03 
0.11 32.35 0.81 19.48 29.90 0.10 0.11 13.20 0.60 4.94 11.55 0.03 
0.13 32.30 0.80 19.87 29.88 0.09 0.13 13.13 0.57 5.04 11.55 0.03 
0.15 32.25 0.78 20.26 29.85 0.09 0.15 13.08 0.56 5.13 11.53 0.02 
0.54 31.88 0.67 20.64 29.88 0.09 0.20 12.90 0.50 5.23 11.55 0.03 
0.92 31.68 0.62 21.42 29.85 0.09 0.30 12.73 0.43 5.33 11.53 0.02 
1.31 31.50 0.57 21.80 29.83 0.08 0.40 12.60 0.39 5.42 11.53 0.02 
1.70 31.35 0.52 22.19 29.83 0.08 0.49 12.45 0.34 5.52 11.53 0.02 
2.08 31.25 0.49 22.58 29.83 0.08 0.59 12.38 0.31 5.62 11.53 0.02 
2.47 31.15 0.46 22.96 29.80 0.07 0.69 12.30 0.29 5.71 11.53 0.02 
2.86 31.08 0.44 23.74 29.78 0.07 0.78 12.25 0.27 5.81 11.53 0.02 
3.24 30.98 0.41 24.12 29.78 0.07 0.88 12.18 0.24 5.91 11.55 0.03 
3.63 30.93 0.40 24.51 29.75 0.06 0.98 12.13 0.23 6.00 11.53 0.02 
4.02 30.85 0.38 24.90 29.75 0.06 1.07 12.08 0.21 6.10 11.53 0.02 
4.40 30.78 0.36 25.28 29.75 0.06 1.17 12.05 0.20 6.20 11.53 0.02 
4.79 30.75 0.35 26.06 29.75 0.06 1.27 12.00 0.18 6.29 11.53 0.02 
5.18 30.70 0.33 26.44 29.75 0.06 1.36 11.95 0.17 6.39 11.53 0.02 
5.56 30.65 0.32 26.83 29.73 0.05 1.46 11.93 0.16 6.49 11.53 0.02 
5.95 30.63 0.31 27.22 29.73 0.05 1.56 11.90 0.15 6.58 11.53 0.02 
6.34 30.58 0.30 27.99 29.73 0.05 1.65 11.85 0.13 6.68 11.50 0.01 
6.72 30.53 0.28 29.54 29.70 0.04 1.75 11.85 0.13 6.78 11.50 0.01 
7.11 30.50 0.28 30.31 29.68 0.04 1.85 11.83 0.12 6.87 11.50 0.01 
7.50 30.45 0.26 31.08 29.68 0.04 1.94 11.80 0.11 6.97 11.50 0.01 
7.88 30.43 0.25 32.24 29.65 0.03 2.04 11.80 0.11 7.07 11.53 0.02 
8.27 30.38 0.24 33.40 29.63 0.02 2.14 11.78 0.10 7.26 11.50 0.01 
8.66 30.38 0.24 33.79 29.63 0.02 2.23 11.75 0.10 7.36 11.53 0.02 
9.04 30.35 0.23 35.34 29.63 0.02 2.33 11.75 0.10 7.55 11.50 0.01 
9.43 30.30 0.22 35.72 29.63 0.02 2.43 11.75 0.10 7.65 11.53 0.02 
9.82 30.28 0.21 36.11 29.63 0.02 2.52 11.73 0.09 7.84 11.50 0.01 
10.20 30.25 0.20 37.27 29.63 0.02 2.62 11.70 0.08 7.94 11.50 0.01 
10.59 30.23 0.20 37.66 29.60 0.01 2.72 11.70 0.08 8.13 11.50 0.01 
10.98 30.20 0.19 38.04 29.60 0.01 2.81 11.68 0.07 8.22 11.50 0.01 
11.36 30.18 0.18 38.81 29.60 0.01 2.91 11.68 0.07 8.32 11.50 0.01 
11.75 30.18 0.18 39.20 29.58 0.01 3.01 11.65 0.06 8.42 11.50 0.01 
12.14 30.15 0.17 39.59 29.60 0.01 3.10 11.65 0.06 8.51 11.50 0.01 
12.52 30.13 0.17 39.97 29.60 0.01 3.20 11.65 0.06 8.61 11.50 0.01 
12.91 30.13 0.17 40.36 29.58 0.01 3.30 11.63 0.05 8.80 11.48 0.00 
13.30 30.10 0.16 40.75 29.58 0.01 3.39 11.63 0.05 8.90 11.50 0.01 
13.68 30.08 0.15 41.13 29.58 0.01 3.49 11.60 0.04 9.00 11.50 0.01 
14.07 30.05 0.14 41.52 29.58 0.01 3.59 11.63 0.05 9.19 11.50 0.01 
14.46 30.05 0.14 41.91 29.58 0.01 3.68 11.60 0.04 9.29 11.48 0.00 
14.84 30.03 0.14 42.29 29.58 0.01 3.78 11.58 0.03 9.48 11.48 0.00 
15.23 30.00 0.13 42.68 29.58 0.01 3.88 11.60 0.04 9.58 11.50 0.01 
15.62 30.00 0.13 43.07 29.58 0.01 3.97 11.58 0.03 9.77 11.50 0.01 
16.00 30.00 0.13 43.45 29.55 0.00 4.07 11.58 0.03 9.97 11.50 0.01 
16.39 29.98 0.12 43.84 29.55 0.00 4.17 11.58 0.03 10.06 11.48 0.00 
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Adsorption measurements on Silesia coal at different grain sizes, CH4, 45°C. All 
values calclated on moisture ash-free basis (Figure 3.6). 
<0.063mm 
0.063-
0.177mm 
0.177-
0.354mm 
0.354-
0.707mm 0.707-2.0mm ~3.00mm 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.64 0.70 1.44 0.45 1.78 0.44 1.17 0.45 1.55 0.54 0.73 0.35 
5.25 0.88 2.85 0.70 3.48 0.67 2.72 0.65 3.33 0.78 1.92 0.59 
7.51 0.94 4.20 0.83 5.02 0.79 4.20 0.76 4.89 0.91 3.12 0.73 
9.42 0.96 5.41 0.88   5.47 0.82 6.14 0.97 4.69 0.87 
11.01 0.97     6.51 0.86 7.12 1.02 5.96 0.95 
12.33 0.97       7.87 1.04 6.95 1.00 
13.43 0.97       8.44 1.06 7.72 1.03 
14.34 0.98       8.87 1.07 8.31 1.05 
        9.21 1.07 8.77 1.07 
        9.46 1.08 9.12 1.08 
        9.65 1.08   
        9.79 1.09   
 
Adsorption measurements on Silesia coal at different grain sizes, CO2, 45°C. 
All values calclated on moisture ash-free basis (Figure 3.6). 
<0.063mm 
0.063-
0.177mm 
0.177-
0.354mm 
0.354-
0.707mm 0.707-2.0mm ~3.00mm 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
P 
(bar) 
V(mmol/
g) 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.32 0.61 0.23 0.43 0.19 0.44 0.17 0.49 0.27 0.47 0.18 0.29 
0.87 0.95 0.57 0.79 0.60 0.77 0.53 0.88 0.77 0.83 0.40 0.58 
1.47 1.16 1.00 1.06 1.17 1.02 1.04 1.17 1.42 1.08 0.69 0.82 
2.04 1.31 1.49 1.26 1.80 1.20 1.62 1.38 2.09 1.26 1.31 1.13 
2.58 1.41 2.00 1.41   2.44 1.59 2.74 1.37 2.03 1.34 
        3.32 1.46 2.69 1.50 
        3.82 1.51 3.30 1.62 
        4.27 1.56 3.83 1.69 
        4.66 1.59 4.28 1.74 
        5.00 1.61 4.66 1.77 
        5.26 1.62 4.97 1.80 
        5.45 1.63 5.23 1.82 
        5.59 1.64 5.41 1.83 
        5.69 1.64 5.54 1.83 
        5.77 1.65 5.63 1.84 
 
 
Appendix C: Raw Data Chapter 4 
141 
Appendix C. Raw Data Chapter 4 
Preferential Adsorption measurements on Joppe-1 IV Coal, CO2/CH4, 45°C 
x(CO2) source gas = 
0.41 
x(CO2) source gas = 
0.72 
x(CO2) source gas = 
0.87 
P (bar) X(CO2) free gas phase P (bar) 
X(CO2) free 
gas phase P (bar) 
X(CO2) free 
gas phase 
15.50 0.60 14.90 0.85 36.33 0.95 
30.78 0.55 29.93 0.79 51.23 0.94 
45.45 0.50 43.90 0.75 63.80 0.92 
59.13 0.46 56.50 0.72 72.70 0.84 
69.83 0.44 66.05 0.65 81.75 0.84 
81.75 0.42 76.28 0.65 89.40 0.84 
90.58 0.37 85.40 0.65 96.00 0.84 
100.93 0.33 93.58 0.65 101.80 0.84 
110.60 0.33 101.03 0.65 105.03 0.85 
116.38 0.33 105.43 0.68 109.93 0.86 
125.05 0.33 111.85 0.68 114.43 0.85 
133.23 0.33 117.83 0.68 118.68 0.85 
140.95 0.34 123.43 0.68 122.78 0.85 
148.25 0.35 128.70 0.68 124.23 0.86 
150.70 0.34 130.63 0.69 128.20 0.86 
157.48 0.35 135.58 0.69 132.13 0.86 
163.88 0.34 140.25 0.69 136.10 0.86 
170.00 0.34 144.70 0.69 140.10 0.86 
175.75 0.36 149.08 0.69 140.35 0.86 
175.53 0.36 149.23 0.70 140.63 0.86 
180.98 0.36 153.48 0.70 144.83 0.87 
186.10 0.36 157.53 0.70 148.98 0.87 
190.88 0.36 161.38 0.70 153.13 0.87 
195.38 0.36 165.13 0.70 152.30 0.87 
192.83 0.37 163.80 0.71 156.58 0.87 
197.10 0.37 167.53 0.71 160.85 0.87 
201.13 0.37 171.05 0.71 165.25 0.87 
204.80 0.38 174.43 0.71 169.63 0.87 
208.15 0.37 177.65 0.71 166.65 0.87 
203.73 0.37 176.50 0.71 171.15 0.87 
207.13 0.39 179.63 0.72 175.53 0.87 
210.23 0.39 182.63 0.71 179.73 0.87 
213.00 0.39 179.13 0.72 183.95 0.87 
215.45 0.38 182.23 0.72 183.15 0.87 
209.75 0.39 185.03 0.72 187.25 0.87 
212.55 0.38 187.63 0.72 191.10 0.87 
215.03 0.39 185.53 0.72 194.85 0.87 
217.20 0.39 188.20 0.72 191.55 0.87 
219.08 0.39 190.60 0.72 195.28 0.87 
212.55 0.39 192.80 0.72 198.68 0.87 
  194.85 0.72 201.85 0.87 
  189.43 0.72 192.93 0.87 
  191.83 0.72 196.73 0.87 
  193.93 0.72 200.00 0.87 
  195.85 0.72 203.05 0.87 
  191.65 0.72 205.80 0.87 
  193.83 0.72 195.90 0.87 
  195.75 0.72 199.43 0.87 
  197.48 0.72 202.53 0.87 
  199.03 0.72 205.28 0.87 
  192.95 0.72 207.73 0.87 
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Preferential Desorption measurements on Joppe-1 IV Coal, CO2/CH4, 45°C 
x(CO2) source gas = 
0.41 
x(CO2) source gas = 
0.72 
x(CO2) source gas = 
0.87 
P (bar) X(CO2) free gas phase P (bar) 
X(CO2) free 
gas phase P (bar) 
X(CO2) free 
gas phase 
206.05 0.40 187.10 0.72 192.05 0.87 
192.15 0.40 174.98 0.72 173.38 0.87 
179.85 0.40 164.60 0.72 159.63 0.87 
168.80 0.41 155.60 0.72 149.23 0.87 
158.80 0.41 147.60 0.72 140.85 0.87 
149.63 0.40 140.38 0.72 133.93 0.87 
141.18 0.41 130.78 0.72 128.08 0.87 
133.33 0.41 124.80 0.72 122.75 0.87 
126.00 0.41 119.20 0.72 118.15 0.87 
119.15 0.41 113.90 0.72 113.85 0.87 
112.68 0.41 108.85 0.72 109.83 0.87 
106.60 0.41 104.03 0.72 105.98 0.87 
100.85 0.41 99.35 0.73 102.23 0.87 
95.40 0.41 94.85 0.73 98.60 0.87 
90.25 0.41 90.50 0.73 95.05 0.87 
85.35 0.41 86.33 0.73 91.53 0.87 
80.70 0.42 82.30 0.73 88.10 0.87 
76.30 0.41 78.43 0.74 84.70 0.87 
72.13 0.42 74.68 0.73 81.33 0.87 
68.18 0.42 71.10 0.73 78.03 0.87 
64.43 0.42 67.63 0.74 74.78 0.88 
60.88 0.43 64.30 0.74 71.58 0.87 
57.48 0.42 61.13 0.74 68.45 0.87 
54.28 0.42 58.05 0.73 65.35 0.87 
51.25 0.43 55.13 0.73 62.40 0.87 
48.40 0.44 52.33 0.74 59.50 0.87 
45.68 0.44 49.65 0.74 56.70 0.88 
43.10 0.44 47.08 0.74 53.98 0.88 
40.70 0.44 44.63 0.74 51.38 0.88 
38.40 0.44 42.30 0.74 48.85 0.88 
36.23 0.44 40.10 0.75 46.40 0.88 
34.18 0.44 38.00 0.75 44.08 0.88 
32.25 0.44 35.98 0.74 41.83 0.88 
30.43 0.44 34.08 0.75 39.65 0.88 
28.70 0.45 32.28 0.75 37.60 0.89 
27.08 0.46 30.58 0.75 35.63 0.88 
25.55 0.46 28.95 0.75 33.75 0.88 
24.10 0.46 27.43 0.75 31.98 0.88 
22.75 0.46 25.95 0.76 30.25 0.88 
21.48 0.47 24.58 0.76 28.65 0.88 
20.25 0.46 23.28 0.76 27.10 0.89 
19.13 0.46 22.13 0.76 25.63 0.89 
18.03 0.47 20.95 0.77 24.23 0.89 
17.03 0.47 19.83 0.77 22.93 0.90 
  18.78 0.77 21.68 0.89 
  17.78 0.77 20.45 0.89 
  16.85 0.78 19.35 0.89 
  15.95 0.77 18.28 0.89 
  15.13 0.78 17.28 0.89 
  14.33 0.78 16.30 0.89 
  13.55 0.79 15.38 0.89 
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Preferential Adsorption measurements on Joppe-1 IX Coal, CO2/CH4, 45°C 
x(CO2) source gas = 
0.39 
x(CO2) source gas = 
0.72 
x(CO2) source gas = 
0.87 
P (bar) X(CO2) free gas phase P (bar) 
X(CO2) free 
gas phase P (bar) 
X(CO2) free 
gas phase 
61.63 0.13 51.80 0.40 14.68 0.72 
75.05 0.15 66.60 0.45 31.38 0.72 
72.98 0.26 77.50 0.48 46.33 0.74 
85.53 0.27 88.93 0.60 59.15 0.76 
97.15 0.27 99.13 0.60 68.33 0.81 
107.98 0.26 108.18 0.60 77.65 0.81 
118.05 0.27 116.48 0.61 85.53 0.81 
127.58 0.27 121.33 0.61 92.28 0.81 
124.05 0.31 128.75 0.61 98.15 0.81 
133.18 0.32 135.78 0.67 101.38 0.84 
141.83 0.32 142.48 0.67 106.25 0.84 
150.08 0.32 149.00 0.67 110.63 0.84 
157.88 0.32 151.18 0.67 114.73 0.84 
165.28 0.31 157.58 0.67 118.58 0.84 
160.35 0.34 163.80 0.67 119.85 0.85 
167.65 0.34 170.00 0.70 123.53 0.85 
174.58 0.34 176.08 0.70 127.08 0.85 
181.18 0.34 175.98 0.70 130.53 0.85 
187.43 0.34 182.08 0.70 134.00 0.85 
193.35 0.33 188.00 0.70 134.08 0.86 
187.03 0.35 193.75 0.70 137.60 0.86 
192.95 0.36 199.48 0.71 141.03 0.86 
198.48 0.35 196.70 0.71 144.48 0.86 
203.68 0.36 202.43 0.71 147.93 0.86 
208.50 0.35 207.85 0.71 146.70 0.86 
212.90 0.36 213.05 0.71 150.25 0.86 
205.43 0.36 218.03 0.71 153.73 0.86 
210.05 0.37 212.48 0.72 157.18 0.86 
214.38 0.37 217.60 0.72 160.58 0.86 
218.25 0.37 222.28 0.72 157.70 0.87 
221.78 0.36 226.70 0.72 161.23 0.87 
224.90 0.36 230.70 0.72 164.58 0.87 
216.60 0.37 222.78 0.72 167.85 0.87 
220.25 0.38 227.20 0.72 171.03 0.87 
223.45 0.38 231.15 0.72 166.53 0.87 
226.33 0.37 234.70 0.72 169.85 0.87 
228.78 0.38 237.93 0.72 172.98 0.87 
    175.88 0.87 
    178.73 0.87 
    175.83 0.87 
    178.58 0.87 
    181.25 0.87 
    181.95 0.87 
    184.28 0.87 
    186.43 0.87 
    185.85 0.87 
    187.83 0.87 
    182.33 0.87 
    184.55 0.87 
    186.58 0.87 
Appendix C: Raw Data Chapter 4 
144 
Preferential Desorption measurements on Joppe-1 IX Coal, CO2/CH4, 45°C 
x(CO2) source gas = 
0.39 
x(CO2) source gas = 
0.72 
x(CO2) source gas = 
0.87 
P (bar) X(CO2) free gas phase P (bar) 
X(CO2) free 
gas phase P (bar) 
X(CO2) free 
gas phase 
220.40 0.40 224.83 0.72 171.13 0.87 
204.83 0.39 205.05 0.72 158.18 0.87 
191.15 0.39 189.30 0.72 147.98 0.87 
178.98 0.39 176.38 0.73 139.83 0.87 
168.03 0.39 165.53 0.73 133.05 0.87 
158.08 0.39 156.15 0.73 127.25 0.87 
148.98 0.40 147.88 0.72 122.13 0.87 
140.55 0.39 140.45 0.73 117.45 0.87 
132.73 0.39 133.68 0.72 113.10 0.87 
125.45 0.40 127.40 0.73 108.95 0.87 
118.58 0.40 121.53 0.72 105.00 0.87 
112.13 0.40 116.03 0.72 101.15 0.87 
106.08 0.40 110.75 0.73 97.40 0.87 
100.35 0.40 105.73 0.73 93.70 0.87 
94.93 0.40 100.90 0.73 90.05 0.87 
89.78 0.40 96.25 0.73 86.48 0.87 
84.93 0.40 91.80 0.73 82.93 0.87 
80.33 0.41 87.50 0.73 79.48 0.87 
75.95 0.41 83.35 0.73 76.08 0.87 
71.80 0.41 79.35 0.74 72.70 0.87 
67.90 0.42 75.48 0.73 69.45 0.87 
64.18 0.43 71.78 0.74 66.25 0.88 
60.65 0.42 68.20 0.74 63.18 0.87 
57.30 0.42 64.78 0.74 60.18 0.87 
54.18 0.43 61.50 0.73 57.28 0.88 
51.18 0.42 58.33 0.73 54.45 0.87 
48.33 0.43 55.30 0.74 51.78 0.87 
45.65 0.43 52.43 0.74 49.15 0.88 
43.13 0.42 49.75 0.74 46.68 0.88 
40.73 0.43 47.13 0.75 44.28 0.88 
38.45 0.45 44.63 0.74 42.00 0.88 
36.30 0.43 42.23 0.75 39.80 0.88 
34.28 0.43 39.95 0.75 37.73 0.88 
32.38 0.44 37.78 0.75 35.75 0.88 
30.63 0.44 35.75 0.75 32.08 0.88 
28.90 0.44 33.80 0.75 30.38 0.89 
27.30 0.45 31.95 0.75 28.75 0.89 
25.78 0.45 30.20 0.75 27.25 0.89 
24.33 0.45 28.55 0.76 25.80 0.88 
22.98 0.47 26.98 0.76 23.13 0.89 
21.70 0.45 25.48 0.76 21.90 0.89 
20.50 0.46 24.08 0.76 20.73 0.89 
19.35 0.46 22.75 0.77 18.60 0.89 
18.30 0.47 21.50 0.77 17.63 0.89 
17.28 0.47 20.30 0.77 16.70 0.90 
16.33 0.46 19.20 0.77 15.95 0.90 
15.43 0.48 18.13 0.78 15.13 0.90 
  17.13 0.77 14.35 0.90 
  16.18 0.78 13.60 0.90 
  15.30 0.77 12.90 0.90 
  14.45 0.78 12.23 0.91 
  13.65 0.79 11.03 0.91 
  12.93 0.78 9.45 0.90 
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Preferential Adsorption measurements on Polish Coal samples, CO2/CH4, 45°C 
Brzeszcze 
364LW105, 
dry 
Brzeszcze 
364LW105, 
moist 
Brzeszcze 
405LW106, 
dry 
Brzeszcze 
405LW106, 
moist 
Silesia 
155LW315, 
dry 
Silesia 
155LW315, 
moist 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
11.63 0.62 12.75 0.84 10.33 0.39 13.95 0.52 12.05 0.95 17.18 0.86 
24.88 0.60 24.53 0.71 23.95 0.64 28.30 0.54 26.35 0.92 32.58 0.88 
37.28 0.60 35.30 0.61 36.28 0.66 41.60 0.55 39.38 0.91 46.20 0.87 
48.55 0.61 44.98 0.61 46.93 0.70 53.70 0.54 50.63 0.90 58.10 0.86 
58.68 0.62 53.65 0.61 55.83 0.73 63.10 0.51 58.78 0.93 66.90 0.78 
67.75 0.62 61.40 0.63 63.33 0.75 73.15 0.48 66.88 0.92 76.05 0.78 
75.85 0.64 68.28 0.64 69.58 0.76 82.30 0.48 73.60 0.93 84.03 0.78 
83.18 0.64 74.45 0.65 74.85 0.77 90.68 0.48 79.20 0.93 91.10 0.77 
95.80 0.64 79.95 0.65 79.35 0.78 98.35 0.48 83.88 0.93 97.38 0.78 
106.43 0.65 84.93 0.66 83.15 0.79 103.08 0.47 86.50 0.93 101.05 0.77 
115.58 0.66 89.40 0.66 86.43 0.79 109.80 0.48 90.10 0.94 106.33 0.78 
123.63 0.66 93.45 0.67 89.28 0.79 116.08 0.51 93.25 0.94 111.15 0.79 
130.83 0.66 97.13 0.67 91.73 0.80 121.98 0.52 95.98 0.94 115.60 0.79 
137.38 0.66 100.48 0.67 93.80 0.80 127.53 0.51 98.45 0.94 119.80 0.79 
143.38 0.66 103.53 0.67 95.68 0.80 129.75 0.52 99.45 0.94 121.30 0.78 
148.83 0.66 106.30 0.68 97.25 0.80 134.88 0.52 101.63 0.94 125.08 0.78 
153.83 0.66 108.80 0.68 98.63 0.81 139.80 0.51 103.63 0.94 128.70 0.79 
158.40 0.66 111.15 0.68 99.80 0.81 144.40 0.53 105.58 0.94 132.13 0.79 
162.45 0.66 113.28 0.68 100.83 0.81 148.83 0.53 107.45 0.94 135.40 0.79 
170.65 0.66 115.23 0.68 101.68 0.81 149.33 0.53 107.73 0.94 135.58 0.79 
173.15 0.66 117.03 0.68 102.38 0.81 153.53 0.53 109.53 0.94 138.68 0.79 
170.55 0.67 118.68 0.68 103.03 0.81 157.55 0.53 111.30 0.94 141.65 0.79 
172.98 0.66 120.20 0.68 103.55 0.81 161.40 0.53 113.10 0.95 144.48 0.80 
174.98 0.67 121.58 0.68 103.95 0.81 165.08 0.54 114.88 0.94 147.20 0.80 
176.65 0.67 122.88 0.68 104.33 0.81 164.10 0.54 114.63 0.95 146.18 0.80 
177.83 0.67 124.05 0.68 104.63 0.81 167.60 0.54 116.40 0.95 148.80 0.80 
178.68 0.67 125.13 0.68 104.85 0.81 171.00 0.54 118.15 0.95 151.20 0.80 
179.33 0.67 126.13 0.68 105.00 0.82 174.15 0.54 119.98 0.95 153.53 0.80 
179.75 0.67 127.03 0.68 105.15 0.81 177.10 0.54 121.83 0.95 155.75 0.80 
180.05 0.67 127.88 0.69 105.18 0.82 174.80 0.55 118.50 0.95 153.63 0.80 
180.30 0.67 128.63 0.68 105.15 0.81 177.73 0.55 120.50 0.95 155.73 0.80 
180.45 0.67 129.33 0.69 105.10 0.81 180.55 0.55 122.38 0.95 157.68 0.81 
180.53 0.67 129.95 0.68 105.00 0.81 183.05 0.55 124.20 0.95 159.50 0.80 
180.63 0.67 130.55 0.69 104.88 0.81 185.43 0.55 126.08 0.95 161.20 0.80 
180.63 0.67 131.13 0.68 104.73 0.81 182.03 0.55 124.65 0.95 158.18 0.80 
180.65 0.67 131.60 0.69 104.53 0.81 184.45 0.55 126.55 0.95 159.83 0.81 
180.65 0.67 132.03 0.69 104.30 0.81 186.73 0.55 128.45 0.95 152.73 0.80 
180.65 0.67 132.48 0.68 104.05 0.81 188.78 0.55 130.30 0.95 154.60 0.80 
180.63 0.67 132.85 0.68 103.78 0.81 190.68 0.55 132.13 0.95 156.30 0.80 
180.60 0.67 133.18 0.68 103.45 0.81 186.45 0.55 129.88 0.95 153.65 0.81 
180.58 0.67 136.60 0.69   188.55 0.55 131.70 0.95 155.33 0.81 
180.55 0.67     190.40 0.55 133.53 0.95   
180.53 0.67     192.10 0.55 135.35 0.95   
180.50 0.67     193.60 0.56 137.05 0.95   
180.48 0.67     188.85 0.55 133.90 0.95   
180.48 0.67     190.68 0.56 135.78 0.95   
180.45 0.67     192.33 0.55 137.48 0.95   
180.40 0.67     193.80 0.55     
180.40 0.67     195.13 0.56     
180.35 0.67     193.28 0.55     
180.33 0.67     194.63 0.56     
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Preferential Desorption measurements on Polish Coal samples, CO2/CH4, 45°C 
Brzeszcze 
364LW105, 
dry 
Brzeszcze 
364LW105, 
moist 
Brzeszcze 
405LW106, 
dry 
Brzeszcze 
405LW106, 
moist 
Silesia 
155LW315, 
dry 
Silesia 
155LW315, 
moist 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
P (bar) 
X(CO2) 
free 
gas 
phase 
174.88 0.72 133.45 0.70 98.90 0.81 189.45 0.55 134.03 0.95 152.55 0.81 
169.85 0.74 130.40 0.71 92.60 0.81 183.85 0.56 129.78 0.95 148.73 0.81 
165.23 0.75 127.48 0.71 88.73 0.81 178.50 0.56 126.18 0.95 145.25 0.81 
160.90 0.75 124.63 0.72 84.35 0.81 173.50 0.57 123.13 0.95 141.90 0.81 
156.85 0.75 121.85 0.72 78.63 0.81 168.78 0.56 120.40 0.95 138.75 0.81 
153.00 0.75 119.15 0.73 74.73 0.81 164.28 0.56 117.95 0.95 135.78 0.81 
149.40 0.75 116.50 0.73 70.65 0.81 160.03 0.56 115.78 0.95 132.98 0.81 
146.03 0.75 113.95 0.74 65.43 0.81 156.00 0.56 113.78 0.95 130.23 0.81 
142.75 0.75 111.45 0.74 61.93 0.81 152.13 0.56 111.98 0.95 127.65 0.81 
139.63 0.75 108.98 0.75 58.33 0.80 148.43 0.56 110.28 0.95 125.13 0.81 
136.65 0.75 106.58 0.75 53.78 0.80 141.45 0.56 108.68 0.95 122.73 0.81 
133.78 0.75 104.23 0.75 50.78 0.80 138.15 0.56 107.18 0.95 120.38 0.81 
131.03 0.75 101.90 0.76 47.78 0.80 134.95 0.56 105.73 0.95 118.13 0.81 
128.38 0.75 99.65 0.76 43.95 0.80 131.88 0.57 104.33 0.95 115.88 0.81 
125.78 0.76 97.43 0.76 41.50 0.80 128.90 0.56 102.98 0.95 113.70 0.81 
123.28 0.75 95.25 0.77 39.03 0.80 126.00 0.56 101.63 0.95 111.58 0.81 
120.83 0.76 93.13 0.77 35.83 0.79 123.18 0.56 100.30 0.95 109.53 0.81 
118.45 0.76 91.00 0.78 33.80 0.79 120.40 0.56 98.98 0.95 107.45 0.81 
113.83 0.76 86.95 0.79 31.83 0.79 117.70 0.56 97.70 0.95 105.45 0.81 
111.60 0.76 85.00 0.79 29.23 0.79 115.15 0.57 96.40 0.95 103.48 0.81 
109.43 0.76 83.05 0.80 27.58 0.79 112.58 0.56 95.10 0.95 101.50 0.82 
107.28 0.76 81.15 0.80 26.03 0.79 110.13 0.56 92.48 0.95 99.60 0.81 
105.15 0.76 79.28 0.81 23.93 0.79 107.68 0.56 91.18 0.95 97.68 0.81 
103.08 0.76 77.43 0.81 22.60 0.78 105.25 0.56 88.50 0.95 95.80 0.82 
101.05 0.76 75.63 0.81 21.33 0.78 102.93 0.56 87.15 0.95 93.95 0.82 
97.08 0.76 72.10 0.83 19.65 0.78 100.63 0.56 85.75 0.95 92.13 0.82 
95.13 0.76 70.40 0.84 18.58 0.77 98.40 0.58 83.00 0.95 90.33 0.82 
93.20 0.76 68.73 0.85 17.55 0.77 96.18 0.56 81.63 0.95 88.53 0.82 
91.33 0.76 67.08 0.85 16.18 0.77 91.90 0.56 78.85 0.95 86.78 0.82 
89.45 0.76 65.48 0.85 15.33 0.77 87.80 0.57 77.43 0.95 85.03 0.82 
87.63 0.76 63.88 0.86 104.03 0.76 85.83 0.56 76.03 0.95 83.30 0.82 
85.83 0.76 62.35 0.86 102.70 0.77 83.88 0.57 74.60 0.95 81.60 0.82 
84.05 0.76 60.83 0.87 101.35 0.76 81.95 0.56 73.23 0.95 79.93 0.82 
80.55 0.76 57.90 0.87 100.00 0.76 80.05 0.57 70.40 0.95 78.25 0.82 
77.20 0.77 55.10 0.88 98.60 0.76 78.20 0.56 67.60 0.95 76.63 0.82 
73.90 0.77 52.40 0.89 97.25 0.75 76.40 0.56 64.85 0.95 75.00 0.82 
70.78 0.77 49.83 0.90 94.48 0.76 74.63 0.57 63.50 0.96 73.40 0.82 
67.70 0.77 47.35 0.90 91.70 0.74 69.48 0.57 60.80 0.95 70.30 0.83 
64.73 0.77 45.03 0.91 88.88 0.74 66.23 0.56 59.48 0.95 67.28 0.82 
61.85 0.77 42.78 0.91 86.08 0.74 63.10 0.57 58.18 0.96 64.33 0.82 
59.08 0.77 40.63 0.92 83.25 0.73 61.60 0.57 56.88 0.95 61.48 0.83 
56.40 0.77 38.60 0.92 80.45 0.74 58.68 0.57 55.60 0.95 58.73 0.82 
53.85 0.77 36.65 0.93 77.70 0.73 57.28 0.56 54.35 0.96 56.08 0.83 
51.38 0.78 34.80 0.93 75.00 0.73 54.48 0.57 53.13 0.95 53.50 0.83 
49.00 0.78 33.03 0.94 72.33 0.72 53.15 0.57 51.90 0.96 51.03 0.83 
46.73 0.78 31.35 0.94 69.73 0.72 50.55 0.57 50.70 0.96 48.63 0.83 
44.53 0.78 29.75 0.95 67.20 0.71 49.30 0.58 48.35 0.96 46.35 0.83 
40.43 0.78 26.80 0.95 62.35 0.69 45.70 0.57 42.85 0.96 42.03 0.83 
36.65 0.78 24.15 0.96 55.70 0.69 42.33 0.57 38.88 0.96 38.05 0.84 
34.88 0.79 22.93 0.95 53.65 0.68 40.23 0.57 36.98 0.96 36.20 0.85 
33.20 0.79 21.78 0.96 51.73 0.68 39.20 0.57 35.20 0.96 34.45 0.84 
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Preferential adsorption measurements on dry Argonne Premium Coals, 
CO2/CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
14.20 0.61 9.65 0.62 10.50 0.85 13.93 0.23 16.13 0.92 
30.40 0.63 21.88 0.62 21.83 0.80 26.25 0.09 30.25 0.91 
44.88 0.64 33.00 0.66 31.98 0.82 37.33 0.13 42.38 0.89 
57.23 0.64 42.75 0.68 40.93 0.82 47.25 0.14 52.73 0.88 
66.25 0.66 51.25 0.70 48.70 0.83 56.18 0.14 60.28 0.88 
75.28 0.74 58.60 0.72 55.58 0.83 64.13 0.14 67.90 0.89 
82.93 0.75 64.95 0.73 61.53 0.83 71.33 0.14 74.48 0.89 
89.50 0.75 70.50 0.74 66.80 0.84 77.78 0.15 80.10 0.89 
95.28 0.76 75.35 0.75 71.43 0.84 83.60 0.15 85.00 0.89 
98.65 0.76 79.58 0.75 75.50 0.84 88.78 0.15 87.85 0.88 
103.38 0.76 83.30 0.76 79.15 0.84 93.48 0.15 91.75 0.89 
107.68 0.78 86.65 0.77 82.38 0.84 97.68 0.16 95.25 0.90 
111.68 0.79 89.60 0.77 85.28 0.84 101.43 0.16 98.35 0.89 
115.40 0.79 92.25 0.77 87.88 0.84 104.73 0.16 101.18 0.89 
116.95 0.79 94.68 0.77 90.25 0.84 107.70 0.16 102.23 0.89 
120.45 0.79 96.83 0.77 92.35 0.84 110.30 0.16 104.68 0.89 
123.88 0.79 98.83 0.77 94.30 0.84 112.65 0.16 106.90 0.89 
127.23 0.80 100.60 0.78 96.05 0.84 114.68 0.16 109.00 0.89 
130.55 0.80 102.25 0.78 97.70 0.84 116.43 0.16 110.93 0.89 
131.05 0.81 103.75 0.78 99.15 0.85 117.95 0.17 111.08 0.89 
134.33 0.80 105.13 0.78 100.48 0.85 119.25 0.17 112.85 0.89 
137.63 0.81 106.35 0.78 101.73 0.85 120.35 0.17 114.48 0.89 
140.88 0.81 107.45 0.78 102.83 0.85 121.25 0.17 116.05 0.89 
144.20 0.81 108.55 0.78 103.88 0.85 122.03 0.17 117.53 0.89 
143.58 0.81 109.53 0.78 104.83 0.85 122.60 0.17 117.03 0.89 
146.88 0.81 110.43 0.78 105.70 0.85 123.03 0.17 118.35 0.89 
150.15 0.81 111.25 0.78 106.53 0.85 123.33 0.17 119.63 0.89 
153.38 0.81 112.00 0.78 107.28 0.85 123.53 0.17 120.83 0.89 
156.58 0.82 112.70 0.78 107.95 0.85 123.60 0.17 121.95 0.89 
154.60 0.81 113.33 0.78 108.60 0.85 123.60 0.17 120.93 0.89 
157.85 0.82 113.93 0.78 109.20 0.85 119.93 0.17 122.00 0.89 
160.98 0.82 114.48 0.78 109.78 0.85 122.63 0.17 122.95 0.89 
164.00 0.82 114.98 0.78 110.25 0.85 119.33 0.18 123.83 0.90 
167.03 0.82 115.45 0.78 110.68 0.85   124.68 0.89 
163.45 0.82 115.85 0.78 111.13 0.85   123.28 0.89 
166.50 0.82 116.25 0.78 111.53 0.85   124.08 0.90 
169.38 0.82 116.65 0.78 111.88 0.85   124.78 0.89 
172.13 0.82 116.95 0.78 112.20 0.85   125.43 0.89 
174.75 0.82 117.28 0.78 112.53 0.85   126.00 0.89 
169.90 0.82 117.55 0.78 112.80 0.85   124.30 0.89 
172.63 0.82 117.78 0.78 113.05 0.85   124.88 0.89 
175.23 0.82       125.38 0.89 
177.63 0.82       125.80 0.89 
179.85 0.82       126.20 0.89 
173.95 0.82       124.30 0.89 
176.53 0.82       124.70 0.90 
178.80 0.83       125.05 0.90 
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Preferential desorption measurements on dry Argonne Premium Coals, 
CO2/CH4, 45°C 
Pocahontas Upper Freeport Illinois Wyodak Beulah-Zap 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
173.03 0.83 115.73 0.78 111.05 0.85 116.15 0.18 123.05 0.90 
166.45 0.82 113.70 0.78 107.35 0.85 113.05 0.18 121.03 0.89 
160.45 0.82 111.75 0.78 103.75 0.85 110.03 0.18 119.08 0.89 
155.15 0.83 109.80 0.78 100.25 0.85 107.10 0.18 117.25 0.90 
150.48 0.82 107.93 0.78 96.83 0.85 104.25 0.18 115.50 0.90 
146.25 0.82 106.05 0.78 93.50 0.85 101.48 0.18 113.80 0.90 
142.50 0.82 104.23 0.78 90.18 0.85 98.78 0.18 112.13 0.90 
139.05 0.83 102.43 0.78 86.95 0.85 96.18 0.18 110.53 0.90 
135.88 0.82 100.63 0.78 83.78 0.85 93.63 0.18 108.95 0.90 
132.93 0.82 98.85 0.78 80.63 0.85 91.13 0.18 105.83 0.90 
130.20 0.82 97.10 0.78 77.58 0.85 88.73 0.18 104.35 0.90 
127.60 0.82 95.38 0.78 74.55 0.85 86.35 0.18 102.85 0.90 
125.15 0.82 93.63 0.78 71.60 0.86 84.05 0.18 101.38 0.89 
122.88 0.82 91.95 0.78 68.70 0.86 81.83 0.19 99.93 0.90 
120.63 0.82 90.25 0.78 65.90 0.86 79.63 0.19 97.03 0.90 
118.53 0.82 88.58 0.78 63.13 0.86 77.53 0.19 95.58 0.89 
116.48 0.82 86.93 0.78 60.45 0.86 75.43 0.19 94.20 0.90 
114.45 0.82 85.28 0.78 57.85 0.86 73.43 0.19 92.78 0.90 
112.53 0.82 83.63 0.78 55.33 0.86 71.48 0.19 88.53 0.90 
110.65 0.82 82.00 0.78 52.88 0.86 69.55 0.19 87.15 0.90 
108.78 0.81 80.43 0.78 50.53 0.86 67.68 0.19 84.38 0.90 
106.95 0.82 78.83 0.78 48.23 0.86 65.88 0.19 82.98 0.90 
105.18 0.82 77.25 0.77 46.00 0.86 64.10 0.19 81.58 0.90 
103.40 0.82 75.70 0.77 43.90 0.86 62.38 0.19 80.20 0.90 
98.23 0.81 74.18 0.77 41.83 0.86 60.68 0.19 78.83 0.90 
96.53 0.81 72.63 0.77 39.85 0.86 59.05 0.19 77.45 0.90 
94.80 0.81 71.13 0.77 37.95 0.86 57.45 0.20 76.10 0.90 
93.15 0.81 69.63 0.77 36.15 0.87 55.88 0.20 74.75 0.90 
91.45 0.81 68.18 0.77 34.40 0.87 54.38 0.20 73.40 0.90 
86.53 0.81 66.73 0.77 32.70 0.87 52.90 0.20 72.05 0.90 
83.30 0.81 65.28 0.76 29.58 0.87 51.45 0.20 70.75 0.90 
81.70 0.81 63.88 0.76 28.10 0.87 50.05 0.20 69.43 0.90 
78.53 0.81 62.48 0.76 26.73 0.87 48.70 0.20 68.10 0.91 
75.40 0.81 59.75 0.76 23.48 0.87 46.05 0.20 63.03 0.90 
73.85 0.80 58.40 0.76 22.30 0.87 44.80 0.20 61.83 0.90 
72.35 0.80 57.08 0.76 21.15 0.87 43.58 0.20 60.58 0.90 
70.83 0.80 55.80 0.76 20.08 0.87 42.38 0.21 59.38 0.91 
69.35 0.80 54.53 0.76 19.05 0.87 41.20 0.21 57.00 0.90 
67.85 0.80 53.25 0.76 17.13 0.88 40.08 0.21 55.83 0.91 
66.40 0.80 52.03 0.75 16.23 0.88 38.98 0.21 51.30 0.91 
64.95 0.79 50.83 0.75 14.58 0.87   50.23 0.91 
63.55 0.80 49.65 0.75 13.80 0.88   49.15 0.91 
62.15 0.80 48.45 0.75 13.05 0.88   48.08 0.91 
60.80 0.79 47.30 0.75 12.38 0.89   47.03 0.91 
58.08 0.79 46.20 0.75 11.70 0.88   46.00 0.91 
56.75 0.79 32.28 0.75 10.48 0.89   45.03 0.91 
52.95 0.79   9.90 0.88   44.03 0.91 
50.48 0.78   9.38 0.88   43.05 0.91 
48.10 0.77   8.85 0.88   41.18 0.91 
44.73 0.78   8.35 0.88   39.33 0.91 
43.63 0.77   7.90 0.90   38.45 0.91 
42.58 0.77   7.45 0.88   36.70 0.90 
41.53 0.77   6.25 0.90   35.88 0.91 
40.50 0.77   5.90 0.89   35.03 0.91 
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Preferential Adsorption measurements on Polish Coals at different grain sizes, 
CO2/CH4, 45°C 
0.707-2.00 mm 0.354-0.707 mm 0.177-0.354 mm 0.063-0.177 mm <0.063 mm 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
P (bar) 
X(CO2) 
free gas 
phase 
10.23 0.81 10.25 0.81 8.48 0.73 7.83 0.39 7.83 0.27 
24.23 0.78 23.55 0.77 20.58 0.71 19.33 0.52 19.18 0.45 
37.83 0.74 36.60 0.74 32.63 0.68 31.10 0.57 30.48 0.51 
50.10 0.72 48.45 0.73 43.73 0.67 42.13 0.58 40.90 0.57 
60.90 0.72 58.95 0.72 53.73 0.67 52.00 0.62 50.28 0.60 
70.30 0.71 68.18 0.72 62.58 0.67 60.80 0.63 58.65 0.62 
78.50 0.71 76.25 0.71 70.40 0.68 68.65 0.65 66.10 0.63 
85.68 0.71 83.33 0.72 77.33 0.68 75.58 0.66 72.70 0.65 
92.00 0.71   83.45 0.69 81.73 0.66 78.60 0.66 
97.63 0.71   88.90 0.69 87.20 0.67 83.85 0.67 
102.65 0.71   93.85 0.68 92.13 0.68 88.60 0.67 
107.20 0.72   98.30 0.70 96.53 0.68 92.85 0.68 
111.38 0.72   102.30 0.70 100.53 0.69 96.75 0.69 
    105.93 0.70 104.18 0.69 100.23 0.69 
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